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A bstract
The subject of the thesis is the modelling, design, fabrication and characterisation of 
passive silicon photonic devices for near (NIR) and mid-infrared (MIR) applications. 
The NIR devices have been investigated with the aim to produce low temperature 
sensitive devices for optical interconnects, whilst the results obtained at MIR wave­
lengths promise great potential for a variety of applications such as sensing and 
biomedicine.
Silicon photonics offers very promising prospects for meeting ever-increasing de­
mands on data speed and bandwidth. Temperature sensitivity of resonant photonic 
devices is an im portant issue in the development of ultralow power optical intercon­
nects. This research project reports on the design, fabrication, and characterisation 
of a low temperature sensitive strip silicon-on-insulator (SOI) racetrack resonators. 
A resonant wavelength shift of 0.2 pm /K  at a 1550 nm wavelength is measured 
using polymer cladding. The influence of various parameters has been examined 
achieving a very good agreement with theoretical model. A significant reduction 
of waveguide propagation losses, improved racetrack resonator Q-value, and higher 
extinction ratio are obtained after overlaying the silicon waveguides with a polymer 
cladding.
On the other side, MIR silicon photonics is gathering pace, driven mainly by the 
lure of possible applications such as sensing, free-space communications, therm al 
imaging and biomedicine. However, the field is still in its infancy and the first serious 
challenge is to find suitable material platforms for the MIR. The thesis reports 
experimental results for passive devices based on different material platforms such 
as SOI, silicon-on-sapphire and silicon-on-porous silicon. It is demonstrated tha t 
SOI is useful material for integrated group IV photonics in the 3-4 jim  wavelength 
range, where propagation losses of less than 1 dB/cm  have been obtained. The 
design rules for single-mode and zero-birefringent SOI rib waveguides using stress 
engineering are also presented. Optical splitters and racetrack resonators based on 
SOI strip waveguides have been characterised in the 3.7-3.9 //m wavelength range.
K eyw ords: athermal waveguides, mid-infrared, multi-mode interference, near-infra­
red, polymers, resonators, scattering, silicon photonics, stress, waveguides.
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Chapter 1
Introduction
1.1 Background
Silicon photonics is the field which has very promising prospects for realising large- 
scale electronic and photonic circuits on the same chip to support low cost optoelec­
tronic solutions for a variety of applications such as sensing, telecommunications, 
optical interconnects and biomedicine. Enormous investments by governments and 
the private sector in the complementary metal-oxide-semiconductor (CMOS) indus­
try  brought great research interests for new materials tha t can be integrated with 
CMOS process to enable novel technologies on a CMOS platform. Silicon photonics 
is the area which has significantly benefited, especially in the last few years with 
the number of researchers and companies significantly increasing. It is expected 
tha t silicon photonics can constitute a multibillion dollar industry within the next 
ten years [1]. According to the MIT Communications Technology Roadmap, silicon 
photonics is among the top ten emerging technologies with a potential of 20 billion 
dollars in annual revenue [2]. At present, the global silicon photonic market is esti­
mated to grow from 1,12 million dollars in 2010 to 2,02 billion dollars in 2015 [3]. 
The market is still in its infancy and is expected to be commercialised by 2016 [3].
The industry of photonic components stands at the threshold of a major expan­
sion. It is expected the electonics and photonics to converge and restructure the 
business processes ensuring the profitability for the future decades [4]. The main 
aim of silicon photonics is to integrate the optical components onto a single chip, 
thereby bringing the reduction in size, cost and power consumption for higher de­
vice performance, and reliability. However, there are still many challenges related to 
the practical and sustainable yield, the material and fabrication compatibility with
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standard industrial processes, wafer scale testing, packaging, very large scale inte­
gration, general library of blocks for the design of photonic components and circuits, 
and thermal and signal crosstalk isolation strategies [5]. The long list of devices and 
applications includes ’’high-speed optical communications, signal processing, optical 
interconnects, biological and chemical sensors, microwave photonics, optoelectronic 
integration, nonlinear optical effects and devices, photonic crystals, metamaterials 
and group IV materials science, slow light devices, optical computing, nano and 
micro-opto-electromechanical devices, opto-ffuidies” and more, which is discussed in 
Soref’s overview article [6].
Optical technology has been successfully used for long haul fiber communica­
tions (0.1-10 km), however, its application over short distances such as rack-to-rack 
(1-100 m), board-to-board (50-100 cm) or chip-to-chip (1-50 cm) communications 
requires higher costs (Fig. 1.1). On the other hand, copper technology will also 
continue to improve with data rates today of 20 Gb/s. Transition to photonics 
technologies is expected to be a gradual process aiming to provide an increase in 
bandwidth and reduce costs for a variety of applications [7]. Several companies from 
the computer and server markets stated that the cost targets should be $ 1/G bit for 
board-to-board, $0.25/Gbit for chip-to-chip, and less than $0.01/G bit for intra-chip 
scenario [8]. The current parallel optic transceiver manufacturers state tha t per­
haps $4/Gbit is achievable today [8]. It will continue to progress but slowly, as both 
economic factors change and technology advances.
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Figure 1.1: Schematic of the transition zone from electrical to optical technologies 
for data interconnects [7].
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1.2 B rief historic overview
The invention of the telegraph by Samuel Morse in 1837 initiated an ever-increasing 
demand, and progress towards faster communication technologies. Information was 
carried quickly over long distances facilitating the growth in the railways, markets 
and also reduced information costs [9]. Several decades later in 1901, the very basics 
of the electronic industry started with the introduction of the radio. It operated in 
the 0.5-2 MHz range and carried voice signals with 15 kHz bandwidth. More complex 
systems such as television and radar systems a few decades later required higher 
carrier frequencies and larger bandwidths. Television was commercially available 
since late 1920’s and used 6 MHz bandwidth, while radar systems developed in 
1940’s pushed frequencies to microwave domain (frequencies in GHz). The invention 
of the transistor in December 1947 at Bell Telephone Laboratories was the next step 
towards microelectronic industry revolution.
The incredible microelectronic industry advancements have been made over the 
past fifty years primarily due to integration. Figure 1.2 emphasizes the impact of 
integration on the microelectronics industry comparing the state of the art in the late 
1950’s/early 1960’s and today. The first integrated circuit was about a half inch wide
(a) (b)
Figure 1.2; (a) The first integrated circuit [10], and (b) integrated circuit today [11].
and consisted of two transistors mounted on a bar of germanium (Fig. 1.2(a)). Today 
individual transistors have dimensions of the order of tens of nanometres and in the 
near future a single chip will include approximately two billion transistors. This 
progress is captured by the much heralded Moore’s Law, the trend for the number 
of transistors on a single CMOS substrate to double every year (Fig. 1.3(a)). There 
are several key advantages to be obtained from integration of electronic components. 
These are primarily: device reliability as all components are fabricated at the same
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Figure 1.3: (a) A recent version of Moore’s Law demonstrating its continuing validity 
[12]. (b) A plot demonstrating that as the gate width of a transistor decreases
(CMOS technology) then power consumption and thermal resistance increase [13].
time under the same controlled conditions, control of stray impedance typically 
associated with discrete electrical interconnects, and huge cost savings due to the 
beneht of mass production [14]. However, as the integration density increases, power 
consumption increases and can lead to lifetime and performance degradation due to 
heating (Fig. 1.3(b)).
1.2 Brief historic overview
A solution to the heating and power consumption problems can be the use of 
photonics to transfer information to various sections of the chip (intra-chip), and 
between the chips (inter-chip) thereby minimizing the use of metallic pathways as 
much as possible. Optical pathways do not suffer from joule heating and hence do 
not dissipate power in the same way in order to propagate data signals [14]. There­
fore, if the microelectronics industry is to continue along the integration path, it may 
need to evolve by embracing optical components in addition to electronic ones. The 
term photonics and integrated optics, was introduced in 1960 when the invention of 
the laser announced the beginning of a new era where light as a high frequency signal 
could be used to convey the information [15]. The origins of integrated optics date 
to 1960’s and 1970’s with demonstration of the first two-dimensional waveguides 
on planar substrates and three-dimensional optical waveguides, which are basic el­
ements for guiding light in integrated circuits. As opposed to the relatively small 
InP and GaAs wafers which are unlikely to be used for a very large scale integration 
(VLSI) systems (over 10000 components), silicon has a great potential since it is 
low cost and comes in large wafer sizes. Table 1.1 shows price comparison between 
silicon and other materials. It can be seen tha t silicon is much cheaper than InP
Table 1.1: Price comparison between silicon and other materials [16]
M a te r ia l W afer size (m m ) W afer cost 
(euro)
S u b s tra te  cost 
(m m ^/eu ro )(R & D ) (com m ercial)
Si 450 300 100 0.001
SOI varies 300 800 0.008
InP 150 100 300 0.030
GaAs 200 150 300 0.013
and GaAs. The initial suggestion of silicon photonics can be traced back to the 
pioneering work of Soref and coworkers [17-19] in the mid 1980’s. The silicon based 
optoelectronic integrated circuit (OEIC) ’’superchip” (Fig. 1.4) was envisioned to 
contain diverse integrated optical components tha t can generate, modulate, process 
and detect light signals required for specific application [17]. Intel and IBM also 
developed similar concepts investing significant resources in realising such a system 
to cost effectively meet ever increasing demands on data speed and bandwidth [20]. 
However, there is still a challenge in the development of key components such as 
light sources. A silicon indirect bandgap makes silicon lasers difficult to realise and 
impose the challenge to the currently dominant IH-V semiconductor lasers. Due to
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Figure 1.4: Schematic of an OEIC superchip as envisaged by R. Soref in 1993 [17].
the ccntrosymmetric crystal structure unstrained silicon does not exhibit a linear 
electro-optical (Pockels) effect which place challenges in realising the silicon optical 
modulators. The development of on-chip photodetectors is also important. The ab­
sorption coefficient of germanium is much higher than that of silicon and comparable 
to that of III-V semiconductors. Therefore, Ge-on-Si photo detectors and avalanche 
photodetectors show great promise for high performance silicon photonics. All these 
components will be discussed in Chapter 2.
Moore’s law has driven the development of the microelectronics industry by con­
tinuing demand for higher device performance with lowering of the cost. Nowadays, 
Intel, IBM, Oracle, Luxtera and Kotura represent the companies tha t have employed 
tha t idea and further have accelerated research and development activity in silicon 
photonics. Recently, the research team at Intel has announced the multicore (over 
50 cores) ’’Knight’s Corner” chip with 1 TFLOPs (tera floating points operation per 
second). It is expected that future computer chips may contain 1000 cores exceed­
ing 10 TFLOPs in performance [5]. That will require an interconnect bandwidth 
of 100 T bit/s  which is 20 times larger than a 5 T b it/s  Internet traffic in the USA 
today [5]. Using the silicon photonics it is possible to make low cost photonic devices 
which will be faster than those made in the electrical domain.
Power consumption of silicon photonics devices is very important. Energy ef­
ficient transm itters require silicon modulators to operate at high speed with high 
extinction ratio, and to exhibit low insertion losses, low parasitics and low drive 
voltage. Similarly, energy efficient receivers require high speed, low capacitance.
1.3 Recent advancements in silicon photonics
low dark current, and high responsivity photodetectors [21]. Silicon photonics can 
make optical conimunicational links to be able to operate to 10 fJ /b it (equivalent 
to 10 //W /G bit/s) [5], which is a few orders of magnitude lower than the typical 
electrical consumption of today’s servers (10-30 pJ/b it) [22].
1.3 R ecent advancem ents in silicon photonics
Recent years have attracted increasing attention in silicon photonics from research 
groups and large companies worldwide investing significant resources. The overall 
silicon photonics market is still in the introductory stage. The US companies such 
as Intel, IBM, Kotura, Luxtera, Light wire, and HP are carrying out considerable 
research activities to develop new silicon photonics products [3]. In Europe exist 
several multi-million pound research projects [23] such as the EPSRC funded ” UK 
Silicon photonics” project and the European FP7 funded ’’HELIOS” project. The 
projects include the development of efficient sources, fast modulators and detec­
tors, and the integration and packaging of these devices for the demonstration of 
complex functions for a variety of applications [24, 25]. Different countries such as 
Japan, China, Singapore and Australia have also invested significant efforts in the 
development of low cost, viable commercial optoelectonic products.
Intel demonstrated an integrated silicon photonics link using standard CMOS 
fabrication technology. The link consisted of an integrated silicon photonic trans­
m itter and receiver chip, and was capable to operate at 50 G b/s or 12.5 G b/s per 
channel (Fig. 1.5) [26]. The transm itter chip consisted of four hybrid silicon lasers.
Figure 1.5: Silicon photonics link demonstrated by Intel corporation [26].
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low voltage (~1.35 V) silicon modulators and multiplexer. Hybrid silicon lasers op­
erated at wavelengths of 1351, 1331, 1311 and 1291 nm and were fabricated using 
InP bonding technique to the silicon chip. Modulators were used to transform the 
incoming electrical data stream into an optical signal at the end of each laser output. 
Optical signals were combined using 4x1 multiplexer and launched into a fibre. On 
the receiver chip, optical signals were received and separated by 4x1 demultiplexer, 
and then directed into four integrated germanium photodetectors. The components 
were assembled using the flip-chip technique. This is the first real demonstration 
of a transm itter including a hybrid HI-V silicon laser made by the wafer bonding 
technique.
Luxtera demonstrated a CMOS optoelectronic technology platform, using 4x10 
G b/s 130 nm SOI integrated transceiver chip, co-packagcd with an externally modu­
lated laser, to enable high density data interconnects at less than $1/Gbps [27]. The 
chip integrates optical coupling devices, waveguides, external high speed modulators 
and germanium photo detectors. Electronic drivers, transimpedance amplifiers and 
digital control systems are also integrated on the same die. The optical carrier for 
all the four channels is provided by a single continuous wave (CW) laser (at a cen­
tral wavelength of 1490 nm) in a proprietary silicon optical micro-package. A laser 
includes a lens and is directly mounted on the die. Light is coupled into the chip 
(Fig. 1.6) using a grating coupler that allows for nearly normal to surface coupling. 
The total power consumption was 750 mW including the power required to drive 
the CW laser.
Figure 1.6: Silicon photonics transceiver demonstrated by Luxtera. A laser micro- 
package is mounted on the die along with an eight channel fiber array. The laser 
micro-package is wire-bonded to the die, which is in turn wire-bonded to the printed 
circuit board [27].
1.4 Thesis objective
Besides optical interconnects, science and research have been faced with the pro­
gressive demand for the development of different kinds of high m aturity biosensors 
with high-sensitivity, fast response and ability to perform real time measurements. 
Low cost fabrication and high sensitivity make silicon photonics technology a good 
candidate for photonic biosensor array chips. Promising prospects of mid-infrared 
silicon photonics and issues related to light generation, efficient guiding and manip­
ulation will be discussed in Chapter 2.
1.4 T hesis ob jective
This thesis aims to address several issues in silicon photonics, to propose solutions 
and to provide experimental demonstration.
Temperature sensitivity of resonant photonic devices is an im portant issue in 
the development of ultralow power optical interconnects. Typical tem perature fluc­
tuations in a commercial microprocessor are in the range of 25-70 °C considerably 
degrading the performance of resonant devices [28]. Temperature dependence of 
the material refractive index and the optical path length of the waveguides cause a 
variation of the mode effective index and central resonant wavelength of microring 
resonators, which are otherwise ideally suited for dense integration of optical net­
works. Therefore, temperature sensitivity analysis, control, and manipulation are 
vital in the design and the operation of these optical devices in the near-infrared 
wavelength range.
Mid-infrared group IV photonics has also attracted increasing attention in the 
last few years, driven mainly by the lure of possible applications such as sensing, 
free-space communications, thermal imaging and infrared countermeasures. The 
field is, however, in its infancy and there are several serious challenges th a t needs 
to be overcome before similar progress can be seen, as has been seen in the near- 
infrared silicon photonics. Potentially in future there could be chip-level integration 
of a mid-infrared system and CMOS electronics, which would enable lab-on-a-chip 
sensing systems. Therefore, it is very important to find suitable material platforms 
for the mid-infrared. Silicon-dioxide, which is used as the insulator in silicon-on- 
insulator waveguides for telecoms wavelength applications, absorbs strongly in most 
parts of the mid-infrared [29], though it can be used in the 3-4 fim range.
The ultimate goal of this project is to identify, investigate, and implement an 
effective and practical method for temperature sensitivity management in the high- 
index contrast SOI material system for near-infrared applications, and to investigate
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silicon based structures for the 3-4 fim wavelength range. The project includes the 
following components:
1. To investigate an effective method for temperature sensitivity management of 
SOI waveguides for optical interconnects;
2. To model, design, fabricate and experimentally demonstrate the feasibility of 
the proposed approach;
3. To explore the viability of SOI platform for the 3-4 fim  wavelength range and 
to investigate several silicon based structures for the mid-infrared;
4. To design, fabricate and experimentally characterise mid-infrared silicon pho­
tonic devices.
1.5 T hesis outline
The thesis is organised as follows.
Chapter 2, Literature review, provides a comprehensive overview of optical de­
vices suitable for both near and mid-infrared applications. Particular attention is 
given to the temperature sensitivity issues and promising prospects of mid-infrared 
silicon photonics.
Chapter 3, Device design methodology and simulation results, describes numerical 
techniques used for modelling and presents the results obtained from simulations. 
The design guidelines for temperature insensitive devices for the near-infrared are 
presented together with the results for mid-infrared waveguides and devices.
Chapter 4, Device fabrication, outlines and discusses im portant fabrication tech­
niques tha t were used in this work. The detailed mask design for both near and 
mid-infrared devices and fabrication methods are presented.
Chapter 5, Experimental results and discussion, discusses the methodology used 
for measurements and presents the results obtained from fabricated devices. The 
results for both near and mid-infrared devices are discussed and compared to initial 
device design obtained by numerical simulations.
Chapter 6, Conclusions and future work provides an overview of significant con­
tributions of this thesis project. Concluding remarks on the potential improvements 
to the device design and fabrication and suggestions of future research directions 
are included.
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Chapter 2
Literature review
The aim of this chapter is to set a foundation for the remainder of the thesis by 
identifying what has been reported in the published literature. It gives an overview 
of optical devices suitable for both near and mid-infrared applications. In the first 
section of the chapter, a brief overview of the near infrared silicon photonics devices 
is presented. The second section gives an overview of optical waveguides and issues 
associated with efficient guiding of light. A particular attention is given to the tem­
perature sensitivity issues. The third section is devoted to the promising prospects 
of mid-infrared silicon photonics. In the last section, recently reported experimental 
data on passive mid-infrared photonics devices are presented.
2.1 N ear-infrared silicon photonics
The research and development efforts for realising optoelectonic integrated circuits 
are highly motivated by potential applications in communications, signal processing, 
smart sensing, imaging, biomedicine and environmental monitoring. An optical 
waveguide represents the basic building block of every photonic circuit. In order to 
assemble an efficient integrated photonic system six main technology areas have to 
be investigated: light generation, light propagation, modulation, photo-detection, 
assembly/packaging, and system integration. This section will report on the current 
challenges in each of these areas.
The development of efficient light sources in silicon photonics represents a se­
rious challenge [30-37]. The main limitation in producing the silicon light emit­
ter is related to its indirect bandgap which implies a low radiative recombination 
efficiency. The heterogeneous integration of III-V materials and silicon-on-insulator 
(SOI) waveguides is a very promising approach to this problem. It can provide a high
11
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density integration at low cost because there is no need for active alignment as in the 
case of packaged lasers. State-of-the-art hybrid lasers are mostly based on evanescent 
coupling of laser emission into the SOI waveguide. Several types of lasers on silicon 
have been demonstrated so far, such as microdisks, Fabry-Perot lasers, racetrack 
resonator lasers, distributed feedback lasers and distributed Bragg reflector lasers 
[30]. Figure 2.1 shows a schematic of such structures. These devices were based
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Figure 2.1: A schematic of: (a) a single SOI-integrated microdisk laser [33], and (b) 
the Fabry-Perot laser structure with the optical mode superimposed [34].
on molecular (direct), metal or adhesive divinylsiloxane-benzocyclobutene (DVS- 
BCB) bonding technique and majority operate under continuous-wave electrical 
injection. Threshold currents as low as 0.3 mA have been demonstrated for small 
footprint microdisks [31] and up to 29 mW coupled into a silicon waveguide has 
been measured in a large footprint racetrack resonator [32]. Monolithic growth of 
high-performance III-V lasers on silicon is challenging due to a large mismatch of the 
lattice constants and thermal expansion coefficients of III-V materials and silicon, 
and requires high growth temperatures. However, InGaAs/GaAs heterostructure 
nanopillar lasers that are monolithically integrated onto silicon after a single growth 
step have been demonstrated using low growth temperature of 400 °G, which is 
drastically lower than typical III-V growth temperatures by 200-300 °G and is com­
patible with GMOS devices [35]. The use of tensile strained n+ Ge-on-Si is another 
approach which may offer a cost effective solution for monolithically integrated light
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emitter on Si [36]. Electrically pumped Er-doped Si nanocluster gain media have 
also attracted much attention because of great potential for lasing at telecommuni­
cations wavelengths near 1.5 fim  [37].
Light propagation is achieved using an optical waveguide, which represents the 
basic building component of any photonic circuit. Propagation characteristics and 
various types of silicon waveguides will be discussed in the following sections. Ef­
ficient guiding of light also encompasses a variety of im portant functions such as 
optical switching, filtering and (de)multiplexing. Ring resonators, Mach-Zehnders, 
arrayed waveguide gratings, echelle gratings and multimode interference devices are 
some of the components tha t are necessary to make silicon photonics circuits suit­
able for different applications. The thesis will investigate this area of technology 
and therefore, significant attention to current issues and solutions related to effi­
cient guiding of light will be devoted in the following sections and chapters.
The development of optical modulator is very im portant especially for tele­
com/ datacom applications where high data rate, low power consumption, high effi­
ciency and modulation depth, and small footprint are some of the most im portant 
parameters [38]. Silicon does not in normal circumstances exhibit an electro-optic 
effect, however, other modulation mechanisms are available including the thermo­
optic and plasma dispersion effects. The thermo-optic effect in silicon is relatively 
slow and therefore has no real use for high speed applications. On the other hand, 
the plasma dispersion effect is much more promising with most of the successful high 
speed silicon modulators demonstrated recently being based upon it using carrier 
injection, depletion or accumulation to cause the required changes in free carrier con­
centration [38]. A significant breakthrough was achieved in 2004, when researchers 
from the Intel Corporation experimentally demonstrated a silicon-based optical mod­
ulator with a bandwidth exceeding 1 GHz for the first time [39]. W ithin HELIOS 
and UK Silicon Photonics Project high speed modulators of 50 and 40 G b/s, and 
extinction ratios of approximately 3.1 and 10 dB for TE mode (Fig. 2.2), and 6.5 dB 
for both TE and TM mode have been achieved [40-42]. Aside from the previously 
described methods, further interesting approaches have also been reported which 
include using strain to introduce an electro-optic eflfect, forming SiGe/Ge quantum 
wells to take advantage of the quantum-confined Stark effect and bonding III-V 
materials to make use of their stronger electro-optic properties [38].
Implementation of high speed optical links in integrated circuits is progressing 
very fast keeping a pace with industrial roadmaps [43]. Monolithically integrated 
Ge photodetectors on Si-based substrates represent a very promising solution for a
13
2.1 Near-infrared silicon photonics
» i g n a l  1 _     L _ G r o u n d _ J j
Top cladding oxide
n *  n
Buried oxide
(a) (b)
Figure 2.2: High contrast 50 G b/s optical modulation in silicon, (a) Diagram show­
ing the phase shifter cross section, and (b) optical eye diagram at 50 G b/s data rate
[42].
photonic detection building block on a Si platform. The top illuminated photode­
tector geometry was studied in the past few years. Recently, the integration of the 
Ge photodetectors with SOI waveguides has encountered a high interest. The main 
drawback of this kind of photodetectors is the high dark current (~1 /iA under 
— I V) ,  which makes low power consumption circuits difficult to realise and also de­
grades the signal-to-noise ratio, ft is caused by a lattice mismatch between Ge and 
Si and poor electrical quality of the contacts, however, 40 G b/s Ge-on-Si photo de­
tectors have been achieved [44]. DeRose et al. [45] developed ultra compact 45 GHz 
CMOS compatible germanium waveguide photodiode with dark current of 3 nA and 
responsivity of 0.8 A /W  (Fig. 2.3). Recently, a Ge photodetector selectively grown 
at the end of silicon waveguide have been demonstrated achieving a very high optical 
bandwidth of 120 GHz, responsivity as high as 0.8 A /W  at 1550 nm and high dark 
current of 4 fiA (under —I V )  [46]. Open eye diagram was also reported under zero- 
bias at 40 G b/s which represents a major requirement for low power consumption 
receivers [46]. In avalanche germanium photodetectors, the avalanche takes places 
in either Ge layer (IBM) [47], or in the Si layer (Intel and A*STAR devices) [48, 49]. 
The dark current of 22 /iA and bandwidth of 30 GHz can be achieved. Integration 
of InGaAs photodetectors onto the Si substrate is also an attractive approach that 
offers a possibility for achieving low dark current, high speed and high sensitivity 
integrated near-infrared photodetectors. They can be fabricated using the epitaxial 
growth of HI-V materials directly onto the SOI substrate, using the flip-chip bond­
ing technique or bonding the unprocessed Hl-V dies (epilayers facing down) onto a
14
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Figure 2.3: Germanium waveguide photodiode: (a) schematic, and (b) scanning 
electron microscope (SEM) image of the cross section [45].
processed SOI wafer. The best of these devices have responsivity of 1.0-1.2 A /W  
and dark currents smaller than 100 nA [50, 51].
Silicon photonics packaging is very important for the development of low cost, 
compact, reliable and efficient integrated circuitry [52-55]. The efficient coupling of 
light in and out of nanophotonic circuits by means of optical fibers represents one 
of the key challenges for the commercialisation of photonic integrated circuits. The 
difficulty appears due to the large mismatch in mode size between a standard single 
mode fibre (~10 /xm) and a SOI based waveguide (~400 nm). The process of active 
alignment is slow and expensive and involves the use of an optical source to align op­
toelectronics components after fabrication. A passive alignment can afford the mass 
production technology and is generally implemented through geometrical elements 
directly patterned on the wafer to allow lateral coupling (in-plane. Fig. 2.4(a)) via 
taper structures, or vertical coupling (out-of-plane. Fig. 2.4(b)) via grating couplers. 
In-plane coupling tends to operate over a broader wavelength range and typically 
allows for a higher coupling efficiency. On the other hand, gratings allow for wafer 
scale testing of devices, require a relatively simple fabrication and preparation tech­
nique, and generally have slightly larger alignment tolerances [52]. Besides the lower 
coupling efficiency with a significant wavelength selectivity, gratings also exhibit the 
need for novel packaging solutions due to the effect of out-of-plane coupling [53]. 
Using a planar configuration insertion losses of less than 0.5 dB to a 10 pun single 
mode fiber can be achieved [56-58], whilst insertion losses of 1.6 dB and 6 dB are 
demonstrated for ID and 2D grating couplers [59-62], respectively. Porte et al. [53]
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Figure 2.4: (a) Schematic of the fiber to chip butt coupling; inset: SEM of the notch 
and of the V-groove [53]. (b) Schematic of light path in an angle-polished fiber [55], 
and (c) corresponding SEM of the angle-polished fiber [55].
demonstrated epoxy free butt coupling between a lensed fiber and a silicon nanowire 
waveguide using an inverted taper configuration (Fig. 2.4(a)) and achieved the total 
insertion losses of 8 dB. Galan et al. [54] reported insertion losses of 13.7 dB in 
grating coupling configuration. Recently, angled fibers (~40°) and capillary action 
of ultraviolet (UV) cure epoxy is proposed and insertion losses of 9 dB have been 
reported [55] (Figs. 2.4(b), (c)). Gurrent silicon photonics applications are mostly 
based on fiber pigtailing and coupling to a 10 /xni single mode fiber, either via lateral 
taper structures (Kotura) or via grating couplers (Luxtera).
Integration of photonics devices on an electronic chip is very im portant and can 
be envisioned by different means. Firstly, the photonic layer can be built above 
the electronic integrated circuit. The photonic circuit is fabricated on a separate 
wafer, and then bonded on the electronic wafer. In this approach, high tem perature
16
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processes can be used for the fabrication of photonic functions and high integration 
density can be achieved with availability of full heterogeneous integration of III-V 
materials on Si. Secondly, the photonic layer can be built on the top of the elec­
tronic integrated circuit. This process allows similar benefits and consists of low 
temperature deposition (<400 °C) or die-to-wafer bonding. The third approach is 
monolithic front end fabrication. This process requires small thermal budget, pho­
tonics is integrated in CMOS flow, whilst the areas for electronics and photonics are 
separated leading to moderate integration density. It suffers from high process de­
velopment cost and small flexibility. Finally, the photoncs circuit can be integrated 
at the bottom  of the electronic wafer. This approach provides high integration 
density, however, connections through substrate are mandatory. Luxtera corpora­
tion has focused their research on the third option and has implemented a complete 
photonic transceiver technology using 130 nm SOI CMOS process at Freescale Semi­
conductor, enabling optical communications directly to and from a CMOS die. The 
company has recently announced 4x28 G b/s silicon transceiver chip. The IBM uses 
the mixture of the first and second approach funded by the SNIPER project, whilst 
MIT and BAE investigate both front and back end approaches. A group from Intel 
based in Oregon proposed the PHOTOCMOS concept tha t is based on fabrication of 
photonic devices on top of a GMOS wafer with low temperature process. In Europe 
(GEA-LETI and IMEG), the research efforts for the first option is still dominant.
2.2 P assive devices for near-infrared applications
The purpose of this section is to introduce passive silicon devices. It is impossi­
ble to discuss the entire field within a single section, therefore, this chapter will 
concentrate on the basic building block of optical circuits in silicon photonics, the 
optical waveguide, on the issues related to efficient guiding of light, as well as the 
temperature insensitive operation. These devices are discussed in the context of the 
dramatic progress tha t has been made in recent years.
2.2.1 W aveguide development
One of the most critical components of any integrated optical system is the opti­
cal waveguide itself. A significant amount of research on the planar waveguide was 
undertaken in the late 1960’s and through the 1970’s and 1980’s [63-71]. In the mid- 
1980’s Soref et al demonstrated single-crystal silicon waveguides [18, 19]. Whilst
17
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these first devices were fabricated using highly doped silicon substrates, other sub­
strate configurations were employed subsequently, such as silicon-on-sapphire (SOS) 
[72], silicon germanium [73] and SOI [74-76]. The SOI platform, firstly reported in 
1989, has by far, become the most popular among the four waveguide systems.
In the late 1980’s and early 1990’s, silicon waveguides fabricated using the sepa­
ration by implanted oxygen (SIMOX) substrates, as well as bond and etch-back SOI 
(BESOI) techniques were extensively investigated [63, 77-83]. Initial work yielded 
very large propagation losses as high as 30 dB/cm  from a 2 fim thick planar waveg­
uide [82]. Rickman et al. rapidly improved propagation losses to respectable levels 
by investigating the thickness of the buried oxide (BOX) layer [83]. The results 
showed that a BOX layer thickness of greater than 0.4 fim was necessary to prevent 
substrate leakage losses for a silicon layer of several microns. In 1989, Davies et 
al. [80] measured a loss of 4 dB/cm  for optical waveguides fabricated in SIMOX. 
Multiple-layer waveguiding structures using SIMOX fabrication technology were also 
demonstrated [63, 75, 81].
Kurdi et al. predicted a loss for a 0.2 fim thick planar waveguide with a 0.5 fim 
BOX thickness to have a loss of less than 1 dB/cm [84]. In 1991, Schmidtchen et 
al. [85] reported a loss of 0.4 dB/cm  for a silicon rib waveguide. By 1994, this loss 
was reduced to a level indistinguishable from pure silicon, as reported by Rickman et 
al. [86] for TE polarised light for a wavelength of 1.5 fim. In these early experiments, 
the majority of the work was conducted on relatively large waveguides, of the order 
of several microns in cross-sectional dimensions. For a rib with a height of 4.32 fim, 
a width of 3.72 fim, and an etch depth of 1.7 fim, they achieved a loss value of 
O.OiO.5 dB/cm  for horizontally polarised light and 0.44:0.5 dB/cm  for vertically 
polarised light at 1.532 fim wavelength [86]. This measurement demonstrated tha t 
silicon was not only a viable waveguiding material, but tha t the propagation loss 
was not going to be a serious issue in the development of the technology.
There were also preliminary reports of very small waveguides being measured 
[87]. Typically the loss was very high as discussed above, due in part to insufficiently 
well-confined waveguides, and/or significant surface roughness [63]. The coupling 
of light to these small waveguides remains an issue today, especially for very small, 
submicron, waveguides. While some devices are based around planar waveguides, 
the vast majority of devices are based upon the various types of three-dimensional 
channel waveguides, namely the rib and strip waveguides.
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2.2.2 Conventional waveguides for silicon photonics
In an SOI waveguide, light is guided in a silicon core tha t is separated from the 
silicon substrate by a buried Si02 layer acting as the lower cladding. High index 
contrast between the cladding and waveguide core facilitates the optical confinement 
and guiding of light. Typical properties of an ideal optical waveguide are single mode 
propagation, polarisation independence and low propagation loss.
Unlike silica waveguides which can be relatively easily designed to be single 
mode, SOI waveguides with dimensions larger than a few hundred nanometres in 
cross-section will potentially support multiple modes. Such waveguides are usually 
undesirable in photonic circuits as their operation can be seriously compromised 
by the presence of multiple modes. Modal dispersion of data pulses can be intro­
duced due to the differences in propagation constant between the different modes. 
The propagation of higher order modes can also cause performance degradation in 
resonant or interferometer devices. It has been shown, however, that large rib waveg­
uides in SOI could be designed such to be monomodal [88]. These waveguides have 
been studied extensively by a number of researchers [89-92] to find single mode be­
havior and low loss propagation. Large rib waveguides are interesting because they 
are multi-micron in cross sectional dimensions (of the order of 5 /xm) facilitating 
low-loss coupling to and from optical fibres.
Soref et al [88] first proposed a simple expression for the single-mode condition 
(SMC) of such waveguides:
W  r
- < 0 . 3  + -^^= = = ,  for 0.5 <  r  <  1.0 , (2.1)
where r= h /H  is the ratio of slab height to overall rib height, and W /H  is the ratio of 
waveguide width to overall rib height. Their analysis of the waveguides was limited 
to shallow etched ribs (r>0.5) and the waveguide dimensions were assumed to be 
larger than the operating wavelength. The analysis was based on the assumption 
tha t higher order vertical modes (i.e. modes other than the fundamental mode) 
confined under the rib, were coupled to the outer slab region during propagation,
therefore yielding high propagation losses for the higher order modes. Thus the
waveguides behave as single mode waveguides, as all other modes are lost.
Chan et al [93] produced equations to predict single mode and polarisation 
independence for relatively small rib waveguides (Fig. 2.5):
H  -  v T ^
for 0 <  r  <  0.5 and 1.0/xm < H  < 1.5/xm, (2.2)
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Figure 2.5: Single mode and polarisation independence condition for SOI rib waveg­
uide (H=1.35 /im, A=1.55 fim) [93].
=  0 . 0 6  X  1 0 - ^  -k  0 . 5 5 6 # . ( 2 . 3 )
Equation 2.2 defines the quasi-TM (transverse magnetic) single mode boundary, 
and hence provides guidance on the geometrical limitations to retain single mode 
behavior, whilst Eq. 2.3 defines the minimum etch depth D^m required to obtain 
polarisation independence. The guidelines of Eq. 2.2 and Eq. 2.3 are for waveguides 
with an air top cladding. However, an upper cladding layer is often deposited to 
reduce the influence of surface contamination, to passivate the surface, or to provide 
electrical isolation. For the SOI platform, this layer is usually Si02, although nitride 
and polymer layers are also used in some cases. Therefore, the single mode and 
birefringence free conditions also need to be determined for such a cladding, not only 
because oxide cladding has a different refractive index than air, but also because 
it causes stress in the waveguide structure therefore changing effective refractive 
indexes for (transverse electric) TE and TM polarisations.
Recent simulations have shown that the single-mode/multimode boundary for 
TM polarisation is below the TE boundary and the following equation for the mul­
timode boundary was given (Fig. 2.6) [15]:
<  2 . 8 6  X ( D M ) ^  -  7 . 4 2  x D [ / 2n^] -H 4 . 7 5 .  ( 2 . 4 )
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Figure 2.6: Design rules for single mode and polarisation independence condition 
for SOI rib waveguide (H=1.35 fim, A=1.55 /;,m) [15].
This equation is more strict than Eq. 2.2, but it is based on an isotropic distribution 
of material refractive index and is valid only for rib waveguides with a large top 
oxide layer (~ 1  pm) and vertical waveguide sidewall angle.
The reduction of loss in optical waveguides represents a challenge due to their 
importance for on chip optical networks. Causes of optical loss include different 
sources such as substrate leakage, bulk absorption, nonlinear absorption, surface 
state absorption, Rayleigh scattering and the scattering at sidewall and top surface 
roughness. During propagation of light, a part of the mode power is coupled into 
the substrate. It may cause a significant losses and therefore, relatively thick BOX 
should be used for device fabrication. The loss mechanism due to the bulk absorption 
is very low and around ~0.02 dB/cm. It occurs due to a Boron doping of a top 
silicon layer which introduces a small absorption sites. Nonlinear absorbtion can 
be neglected in this work since relatively low power laser sources were used. If the 
input power is high enough, two major effects will appear, the two photon absorption  
followed by the free carrier absorption. Dangling bonds and bonded elements at the 
sidewall introduce absorption centres. The surface state absorption is assumed to 
be negligible in this work. The Rayleigh scattering can also be expected to be 
extremely low due to the quality of SOI wafers used in this work. However, a very 
small, subwavelength perturbations of the bulk m aterial’s refractive index may cause
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scattering tha t follows a ~  law in bulk and low index contrast materials, such as 
fibres. The major cause of waveguide propagation losses are caused by irregularities 
at the top surface and waveguide sidewalls. The loss depends on the roughness 
statistics and it can not be described with a simple equation. Several models were 
developed to estimate propagation losses due to sidewall roughness in the recent 
years. It has been shown tha t for a 220 nm thick silicon wire TM mode losses are an 
order of magnitude lower than tha t for TE mode due to a lower mode interaction 
with the waveguide sidewalls. Improvements in fabrication technology is necessary 
to reduce the scattering losses of SOI nanowires.
Typical losses for rib waveguides with large cross section (1-3 fim^) a t the operat­
ing wavelength of 1.55 fim are 0.2 dB/cm  [94]. Strip waveguides with small cross sec­
tion area (~0.11 fim^) exhibit much higher losses (1-2 dB/cm, Table 2.1) and losses 
increase exponentially when the waveguide width decreases [95]. Propagation loss 
of TE modes is typically of the order of 3 dB/cm  (e.g., 2.8 dB/cm for 400x200 nm^ 
[100], 3.6 dB/cm for 445x220 nm^ [97], 1.35 dB/cm  for 450x220 nm^ [104], and
Table 2.1: Propagation loss of SOI strip waveguides at around 1.55 fim wavelength.
R eference G eo m etry T E  loss M easu rem e n t F a b ric a tio n
[nm^] [dB /cm ] m e th o d tech n o lo g y
IBM [96-98] 510x226 1.7T0.1 Cutback e-beam
445x220 3.6±0.1
465x220 3.2T2.0 IR capture
Glasgow Univ. [99] 500x260 0.92T0.14 Fabry Perot e-beam
NTT [100] 400x200 2.8 Cutback e-beam
300x300 7.8
CEA-LETI [101] 512x220 4.18T0.21 Cutback DUV-193 nm
MIT-BAE sys. [102] 370x200 11.6T0.5 Cutback DUV-248 nm
420x200 8.2±0.5
470x200 5.7±0.5
520x200 4.6T0.5
570x200 4.3T0.5
Ghent-IMEC [103] 400x220 33.8±1.7 Fabry Perot DUV-248 nm
440x220 9.5T1.8
450x220 7.4T0.9
500x220 2.4T1.6
Ghent-IMEC [104] 450x220 1.35T0.06 Cutback DUV-193 nm
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2.4 dB/cm  for 500x220 nm^ strip waveguides [103]). Lee et al used both oxidation 
smoothing and anisotropic etching and reduced propagation loss from 32 dB/cm  to 
only 0.8 dB/cm  for 500x200 nm^ single-mode strip waveguides [105]. Vlasov and 
McNab also measured bend losses for 445x220 nm^ strip waveguides and obtained 
0.005, 0.013, and 0.086 dB/90° bend for bending radius of 5, 2, and 1 /rm, respec­
tively [97]. Bogaerts et al  measured 0.016 dB/90° bend for 3 fim  bend radius [106], 
whilst Selvaraja et al achieved propagation losses of 2.7 dB/cm  for 500x220 nm% 
strip waveguides and an excess bending loss of 0.013 dB/90° bend of 5 fim radius 
[107]. The optical losses come from the scattering loss and absorption sites caused 
by the fabrication technology. In order to reduce the propagation losses, small cross 
sectional etchless ridge waveguides have been recently investigated and small losses 
for TE mode, of only 0.3 dB/cm, have been demonstrated [94].
2.2.3 Temperature insensitive devices
In the last few years it has become more challenging to achieve tem perature sta­
bility of silicon photonic devices, which is one of the key obstacles to development 
of viable commercial optoelectronic products. Interferometric devices such as spec­
trometers, Mach-Zehnder interferometers (MZIs), ring resonators, arrayed waveg­
uide gratings (AWGs), modulators and Bragg grating filters have been studied by a 
number of researchers to overcome the high temperature dependent wavelength and 
phase shifts which occur due to the high thermo-optic coefficient (TOC) of silicon 
(1.86x10-4 K -i) [108-116].
A heater or thermoelectric cooler can be used for on-chip tem perature control, 
however, this demands a large device foot-print and dramatically increases the cost 
and power consumption. Use of the thermal stress effects to compensate or am­
plify the temperature sensitivity of optical devices is possible for materials with 
low thermo-optic effect and a large elasto-optic effect [108]. Thermal stress effects 
cannot be used in silicon since the material’s refractive index change due to stress 
is much smaller than the change caused by the thermo-optic effect. Furthermore, 
the stress in the waveguide may cause serious performance degradation, such as 
multimode, birefringence, and higher loss [108]. Adjusting the refractive index of 
silicon by control of the carrier density is also not efficient method due to power 
consumption and the induction of losses [117].
Materials with negative thermo-optic coefficient, such as polymers, represent a 
possible solution to the problem [117-133]. Negative thermo-optic coefficient of the
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polymer cladding can compensate the large positive thermo-optic coefficient of the 
silicon core, thereby providing an athermal design (Fig. 2.7). The at her mal condition 
for an optical waveguide can be derived as [118, 129, 130]:
1 dUeff
n dT +  O^sub = 0, (2.5)
where Ueff is the effective mode index of a waveguide, T  is the operating tem perature 
and asub is the thermal expansion coefficient of the substrate. The thermal expansion 
coefficient of Si is on the order of lOr^ (2.63x10“® K“^), whilst rieff depends on 
the thermo-optic coefficients of the core and cladding materials, and waveguide 
geometry (i.e. mode confinement factor in the waveguide core and cladding). Figure 
2.7 shows the plots of some optical materials for (l/n )(d n /d T ) as the ordinate and 
the thermal expansion coefficient a  as the abscissa, whilst the athermal condition 
given by Eq. 2.5 is illustrated by the dash-dotted line [118]. It can be seen tha t 
by using optical polymers which usually have large negative value of dn /dT , an 
athermal waveguide design on a Si substrate can be achieved.
Thermal compensation in a Mach-Zchnder device is possible without using the
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Figure 2.7: Cladding materials for athermal waveguides [118],
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cladding material [115, 116, 118, 134]. It can be achieved by using proper waveguide 
dimensions in both arms [118]. Uenuma et al. [115] fabricated an asymmetric MZI- 
type filter composed of 300 nm silicon strip waveguides on 1.1 //m BOX with the 
widths of 411 and 951 nm. The authors theoretically and experimentally demon­
strated tha t the temperature dependence can be minimised to less than 1 pm /K  by 
optimising the width and the path length of the waveguides. Guha et al. [134] used 
a similar approach and fabricated asymmetric MZI based on 190 nm and 420 nm 
wide SOI strip waveguides (with 240 nm of Si on a 3 fim BOX) and achieved a 
temperature dependence of less than 5 pm /K. The detailed design steps for a tem­
perature insensitive AWGs were presented in [114], and then an athermal AWG was 
theoretically realised by a combination of Si wire and slot waveguides.
Passive thermo-optic compensation of silica photonic devices by a negative thermo­
optic polymer cladding was first reported by Kokubun et al. [120-124]. The authors 
used polymethylmethacrylate (PMMA) for the upper cladding to reduce the tem­
perature dépendance of NA45 glass core waveguides. They have established a theo­
retical approach for achieving an athermal design and suggested materials th a t can 
be used to achieve temperature insensitive devices (Fig. 2.7).
PMMA is also often used because of its high transparency and low birefringence, 
but it has disadvantages such as poor thermal stability and high moisture absorp­
tion [135]. Zhou et al. experimentally demonstrated a significant reduction of the 
temperature dependant wavelength shift of slotted silicon microring resonators by 
exploiting PMMA as an upper cladding [125]. The authors fabricated ring resonators 
with a 5 fim radius on 260 nm SOI waveguides with different slot gaps (Fig. 2.8). 
The temperature dependence was reduced from 91 pm /K  for a regular microring 
resonator to 27 pm /K  for the PMMA-clad on 100 nm slotted microring resonators 
over the temperature range of 19-50 °C. The UV sensitive PMMA upper cladding 
also allowed the resonance wavelengths of slotted microring resonators to be shifted 
by 0.5 nm under UV light trimming (saturation was achieved after 10 min of UV 
trimming).
Lee et al. [117] have theoretically and experimentally showed tha t tem perature 
insensitive devices can be realised by adjusting the mode volume of a silicon strip 
waveguide with a polymer cladding. From the mode profiles (Fig. 2.9), it can be 
seen tha t the waveguide was more effectively influenced by the polymer cladding as 
the waveguide cross section was reduced. A polymer WIR30-490, with its refractive 
index of 1.49 and TOC of — 1 .8 x l0 “4 K“ ,^ has been used for the top cladding to 
compensate for the positive TOC of the silicon core. Racetrack resonators with the
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2 0 0  run
Figure 2.8: SEM image of a: (a) ring resonator based on SOI slot waveguides, (b)- 
(d) cross section of SOI slot waveguides with slot widths of 1 0 0 , 1 2 0 , and 140 nm, 
respectively [125].
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Figure 2.9: Simulated mode field distribution for: (a)-(d) 220 nm, and (e)-(f) 
260 nm, high SOI strip waveguides with polymer cladding. Waveguide widths are 
equal to: (a)-(b) 500 nm, (c)-(d) 250 nm, and (e)-(f) 280 nm [117].
radius of R = 6  fim, coupling length of CL=16.5 fim and gap width of 0=190  nm were 
fabricated using submicron 500x220 niiE SOI strip waveguides. The 500x220 nriE 
Si waveguide was embedded within the BOX and polymer claddings, and each end
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of the Si waveguide was connected to a 2 //,m wide and 3 fim thick polymer waveg­
uide through a laterally inverse tapered spot-size converter. Temperature dependent 
wavelength shift (TDWS) reduction to the value of 5 pm /K  in the 20-80 °C temper­
ature range for TM mode was achieved, whilst TDWS for the TE mode was much 
higher around 70 pm /K  (Fig. 2.10). Waveguide propagation losses were relatively 
high, 28 dB/cm  for TE mode and 19 dB/cm  for TM mode. According to numerical 
simulations, the authors suggested tha t 280x260 nm^ strip waveguides could enable
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Figure 2.10: TDWS of a racetrack resonators based on 500x220 rmE strip waveg­
uides: (a) TE mode, and (b) TM mode [117].
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an athermal condition for both TE and TM mode, however, the propagation losses 
can be even higher than previously reported for 500x220 nm^ strip waveguides.
The same polymer, WIR30-490 was used as a cladding material in a slot waveg­
uide structures [119]. SOI slot waveguides with a height of 220 nm and a BOX layer 
of 3 fim were fabricated using electron beam lithography and dry etching. The slot 
was located asymmetrically between silicon strip waveguides tha t were 210  nm and 
290 nm wide to reduce bending loss and it was connected to a standard 500 nm wide 
silicon waveguide via 10 fim long lateral taper. A significant reduction of TDWS 
(—2 pm /K ) has been achieved for R=12 fim ring resonators with a slot gap of 90 nm 
for the TE mode, in the 25-75 °C temperature range [119]. These results were ex­
pected to be applied in the fabrication of athermal AWGs, ring add-drop filters, and 
modulators.
Ye et al have derived an analytical equation for channel waveguides [127]:
^  +  +  +  +  F  =  (2 .6 )
where ric and Ud are the material refractive index of the waveguide core and cladding, 
respectively, F is the mode confinement factor and A, B, C, D, E, F  are the nu­
merical coefficients: A = 4.854065 x 10^, B  =  2.169 x 10“ ,^ C = —5.206713 x 10^, 
D = -2.326577 x 10"^ E  = 1.589253 x 1 0 \ F  = -4.575161 x 10"^ Equation 2.6 
describes generalised design rules for athermal performance and material compatibil­
ity in high-index-contrast (HIC) waveguides. It can be seen tha t athermal condition 
depends on the material TOCs of the cladding/core and the mode confinement fac­
tor at room temperature (Fig. 2.11). Therefore, it provides the basic guidelines 
for material choices and waveguide dimensions in designing an athermal channel 
waveguide in general [127].
In order to experimentally verify the design guidelines for athermal channel 
waveguides (Eq. 2.6), Ye et al  investigated a racetrack resonator configuration us­
ing an acrylate polymer cladding [128]. The racetrack resonator with the radius of 
R=100 fim, coupling length of CL=100 fim and edge-to-edge spacing of 0= 500  nm 
was fabricated on amorphous Si on Si0 2  waveguide platform (Fig. 2.12). Devices 
were based on submicron 700x100 nm^ strip waveguides and supported only a sin­
gle TE mode. Experimental results showed tha t the polymer cladding significantly 
reduced the TDWS by 8.3 times from 93 pm /K  to 11.2 pm /K  in the tem perature 
range of 25-37 °C [128].
Researchers at the Cornell University used a different approach to achieve tem­
perature insensitive ring resonators [28]. It consisted of a ring resonator coupled to
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Figure 2.11: Simulated athermal conditions for asymmetric strip waveguides with 
different TOC’s of the waveguide core and cladding for various confinement factors 
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Figure 2.12: Design schematic of: (a) a racetrack ring resonator; (b) thermooptically 
compensated ring structure [128].
a Mach-Zehnder interferometer (Fig. 2.13) [28]. The waveguide widths and lengths 
were chosen in the two arms of MZI to provide balanced transmission and a strong 
negative temperature sensitivity of the MZI. The ring resonator had a large enough 
waveguide width to enable high optical mode confinement and a very high positive 
temperature sensitivity. Therefore, the relative temperature sensitivities of the ring 
and the MZI were designed to cancel each other out. The fabricated devices show 
temperature stability over a large temperature range of over 80 K. Using this ap­
proach a 2 GHz athermal silicon microring electro-optic modulator has also been 
demonstrated operating over a temperature range of 35 °C [136], however, a sub­
stantial space is required for athcrniahsation of the microring which represents a 
disadvantage towards higher compactness in integrated circuits.
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Figure 2.13: Optical microscope image of the athermal device proposed by Cor­
nell’s researchers. The ring radius, coupling gap, silicon waveguide height and BOX 
thickness are equal to 40 pm, 110 nm, 240 nm and 3 pm, respectively [28].
Teng et al. experimentally demonstrated athermal silicon ring resonators by over­
laying a polymer cladding on narrowed SOI strip waveguides [129]. The ideal waveg­
uide dimensions necessary to achieve an athermal design for the TE mode were found 
to be around 350x220 nm^. Polymer PSQ-LH with a refractive index of 1.515 (at 
20 °C), large TO coefficient of —2.4x10"^ and low loss at 1550 nm was cho­
sen as the cladding material. The racetrack resonators with radius of R=15 fim, 
coupling length of CL=2 fim and ring gap of G—180 nm were fabricated aiming 
for an athermal design. After overlaying a polymer layer, the wavelength TDWS 
was reduced to less than 5 pm /K, almost eleven times less than tha t of standard 
silicon rings. However, scattering losses were relatively high and reduced to a level 
of 50 dB/cm after overlaying a polymer cladding.
Recently, prototype performance of 0.5 pm /K  (25-45 °G) has been shown for 
700x206 nm^ amorphous Si strip waveguides at a 1520 nm wavelength for the 
TM mode, together with a TDWS of 7 pm /K  at 1550 nm [130]. Raghunathan 
et al. fabricated racetrack resonators of R=20 pm radius, tha t were based on both 
700x206 nm^ and 700x216 nm^ amorphous Si waveguides, to investigate the tem­
perature insensitivity of resonant wavelength for a TM mode. A hyperlinked fluo- 
ropolymer developed by Enablence (EP) tha t has been designed to have a high TOC 
of —2.65 X 10“"^ K“  ^ and a refractive index of 1.3793 (20 °C) at 1550 urn was used as 
a cladding material. Fabricated devices were spin coated with polymer, UV cured 
and then postbaked in vacuum for around 8 h to cross link the EP polymer. The sec­
ond order effects appeared only at 1520 nm (Fig. 2.14) and became im portant when
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the first order terms vanish at low peak shifts (<2 pm /K). The hrst and the second 
order terms are the linear and quadratic terms in the second order approximation 
of effective mode index:
dn,e f f
h r / " '
^ c i ~ ) d T
cl
+
dT dncz
( 2 . 7 )
d r .  dn . dn.; dP., dn . dn..
dn . dT dT
]dT^
dncz dT dT
where Tc and Td are the confinement factor of the core and the cladding, whilst 
Uc, Uci are corresponding material’s refractive indexes, respectively. It can be seen 
that the quadratic term depends on the temperature dependence of the confinement 
factor and the second order material TOCs. The authors also theoretically investi­
gated the possibility of using a low index contrast (LIC) material system. A S13N4 
with its refractive index of 2.05 and TOC of 4x10“  ^ covered with a polymer 
was chosen for the waveguide core. The results showed that LIC systems might be 
more advanced than HIC systems in certain applications such as wavelength division 
multiplexing, due to higher free spectral range (FSR), lower bond losses and smaller
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Figure 2.14: Second order variations of the resonant wavelength for R=20 //in radius 
racetrack resonator based on the amorphous silicon strip waveguides [130].
31
______________________ 2.2 Passive devices for near-infrared applications
group index. Furthermore, there is also a wider selection of commercially available 
polymers that can be used to achieve LIC temperature insensitive devices.
Schmid et al. investigated temperature independent subwavelength grating waveg­
uides (SGWs) with a periodic composite core composed of alternating regions of 
silicon and SU-8 polymer [131]. The polymer had a refractive index of 1.58 and 
a negative TOC of —1.1x10“'^  that canceled the large positive TOC of the 
silicon. The authors fabricated SWG waveguides (Fig. 2.15) with 470 nm width, 
250 nm grating pitch, and duty cycles of 46%, 56%, 64% and 66% using standard 
SOI wafers (260 nm silicon on 2 //m BOX). They used electron beam lithography 
and inductively coupled plasma reactive ion etching. The samples were coated with 
a 2 fim thick SU-8 polymer layer by a standard spin and bake procedure and the 
structures were incorporated into unbalanced MZI devices to measure the athermal 
performance (Fig. 2.15). Standard SOI strip waveguides were used for the Y split­
ters and the waveguide bends, while two straight SWG sections were incorporated 
in each arm of the MZI (upper arm was AL=3 mm longer). Light was coupled
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Figure 2.15: (a) Schematic of a silicon SWG waveguide with an SU-8 polymer 
cladding, (b)-(d) SEM images of SWG waveguides with various duty cycles of 46%, 
56%, and 66%, respectively, (c) Optical microscope image of an unbalanced MZI 
device with SWG sections (position of the waveguide couplers from photonic wire 
to SWG waveguides are indicated by arrows) [131].
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into SWG waveguides using adiabatic tapers based on strip waveguides at the posi­
tions indicated by arrows (Fig. 2.15). At an operating wavelength around 1550 nm, 
the lowest measured value for the TOC was 1.8x10“® for a duty cycle of 64% 
and TE mode. The authors suggested these results to be a significant step forward 
toward developing temperature insensitive silicon photonic circuits [131].
Polysiloxane hybrid polymers arc also very attractive due to low cost, fabrication 
facilities and good optical properties [126], but their disadvantage arc higher losses. 
Recently, Atsumi et al. used benzocyclobutenc (BOB) to investigate the athermal 
behaviour of SOI slot ring resonators and MZIs [132, 133]. The refractive index 
and TOC of BCB were equal to 1.54 and —7x10“® K“ ,^ respectively, at operating 
wavelength of 1.55 fim. The authors fabricated ring resonators (with a radius of 
270 fim and ring gap of 200 nm) using 220 nm SOI wafers (Fig. 2.16) [132]. By
(a) Narrow-gap type (b) Wide-gap type
Figure 2.16: SEM image of: (a) the narrow-gap type Si slot waveguide, and (b) the 
wide-gap type Si slot waveguide [133].
controlling the width of the BCB filled gap to 90 nm (Fig. 2.16(a)), the TDWS 
of a ring resonator was reduced from 17 pm /K  to —0.6 pm /K  in the 42-72 °C 
temperature range (TE mode). The same wafers, similar approach but higher slot 
gap of 275 nm (Fig. 2.16(b)) were used in [133] where TDWS of —0.9 pm /K  was 
achieved for MZI in the 27-67 °C temperature range (TE mode).
2.3 M id-infrared silicon photonics
The mid-infrared (MIR) field is still in its infancy compared to the NIR spectral 
region. There are a number of challenges tha t need to be overcome in the future 
before group IV photonic integrated circuits are employed in a host of applications 
offered by the MIR spectral range (2-20 fim). Nonetheless significant progress has
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been made in a short time in terms of investigating the building blocks necessary 
to realise integrated circuits at MIR wavelengths. Therefore, we should expect to 
see some rather remarkable advances in MIR optical components in the near future. 
This section will give a brief overview of technologies and applications, material 
platforms and optical sources and detectors for the MIR photonics.
Whilst Silicon Photonics could enable further integration of other technologies 
with current electronic/optical integration efforts, it may also provide integrated, 
low-cost solutions to technologies not necessarily associated with the telecommuni­
cations industry. Much of the current focus in silicon photonics is in the telecom 
wavelength range. However, silicon is relatively low-loss from 1.2 to 8 fim (Fig. 2.17) 
and from 24 to 100 fim [137-139], and therefore silicon photonic circuits can be used 
in mid- and far-infrared (20-100 fim) wavelength ranges. The MIR spectral region
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Figure 2.17; Absorption loss of crystalline Si at 300 K in the 1-13 fim wavelength 
range [138].
is very interesting, as the practical realisation of optoelectronics devices operating 
in this wavelength range offers potential applications in a wide variety of areas, in­
cluding optical sensing and environmental monitoring, free-space communications, 
biomedical and thermal imaging, and IR countermeasures. Many pollutant and 
toxic gases and liquids that we wish to detect or monitor exhibit bands of absorp­
tion lines in the IR part of the spectrum (Fig. 2.18). Consequently, the mid-IR is 
very attractive for the development of sensitive optical sensor instrumentation. In 
addition, there are two atmospheric transmission windows (3-5 and 8-14 fim) that 
permit free-space optical communications. Of interest are also thermal imaging ap­
plications in both civil and military situations. Mid-IR photonics also offers the
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Figure 2.18: Vibration lines of significant trace gases within the 3 to 14 fim wave­
length range [140].
potential for development of minimally invasive, effective, and safe diagnostic tech­
niques. This spectral range is attractive for highly precise surgical procedures and 
medical ablation of tissue because of its high absorption in water, and hence small 
penetration depths, especially for wavelengths around 3 fim, where the penetration 
depth can be as small as a few micrometers [141]. Far infrared photonics gives a 
very promising prospects for astronomical imaging.
A material platform for the MIR photonics is very important for the development 
of low cost, compact and reliable solutions for future applications. Silicon has two 
low-loss transmission windows, one from 1.2 to 8 fim and the other from 24 to 100 fim 
[137]. However, it was reported that Si02 is lossy in the 2.6-2.9 fim range and beyond
3.6 fim (Fig. 2.19) [139]. Soref et al. [140] proposed several waveguide structures 
suitable for mid- and long-IR spectral regions such Si rib-membrane waveguides. Si
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Figure 2.19: Absorption loss of glassy SiOg at 300 K in the wavelength range of 
2-5 fim [139].
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on SigN^ (SON), SOS, Ge-on-Si, Ge-on-SOI or GeSn-on-Si strip and slot waveguides, 
and hollow waveguides with Bragg or anti-resonant cladding (Table 2,2). Fluoride 
crystals, chalcogenide glasses and silicon-on-diamond are also interesting since they 
exhibit low propagation losses [142-145], The Si rib-membrane waveguide (air- 
clad above and below) offers low loss transmission from 1,2 to 6 /im and from 
24 to  100 /im [140], The heterostructured rib of Ge-on-Si or GeSn-on-Si is a good 
candidate for mid and long wave operation [140], To obtain coverage of the entire 1,2 
to 100 /im wavelength spectrum, a hollow, rectangular, air-filled waveguide could 
be used provided tha t the inner claddings are alternating layers of SiGe and Si 
[140], Freestanding waveguides fabricated by proton beam writing technique are 
also candidates for mid-IR silicon photonics [146], In order to reduce losses due to 
the surface roughness and the defects caused by proton irradiation, post fabrication 
treatm ent like thermal oxidation and high temperature treatm ent are required [146], 
For long-wave infrared (LWIR) operation (2-200 /im), most of the telecom passive 
waveguide components can be scaled up in size from their 1,55 fim dimensions and 
can be fabricated with lower resolution lithography [76], However, optoelectronic in­
tegrated circuits may have to be cooled when the wavelength exceeds 10 fim and then 
special low temperature on-chip transistors should be required [76], Effective chemi­
cal and biological sensing applications, strong free-carrier plasma effect, scenarios for
Table 2,2: Different waveguide types proposed for MIR and LWIR applications 
(waveguides are based upon a silicon substrate at room temperature) [140],
Waveguide type Core material Lower cladding Upper cladding
Si/SiO ,/Si (SOI) c-Si a-SiO, Air
Si/AbO j/Si (SOS) c-Si Sapphire Air
Si/SiaN^/Si (SON) c-Si a-Silicon nitride Air
Si Membrane c-Si Air Air
Si nano-slotted membrane c-Si Air Air
SiGe/Si Rel, c-SiosGco.s Si Air
Ge/Si Rel, c-Ge Si Air
GeSn/Si Rel, c-Gco.gSiio.i Si Air
Hollow core (Bragg cladding) Air a-Si/a-SiO? a-Si/a-SiOi
Hollow core (Bragg cladding) Air Rel, SiGe/rel, Si Rel, SiGe/rel, Si
Hollow core (Anti-resonant cl,) Air Rel, SiGe/rel, Si Rel, SiGe/rel, Si
Porous-Si/Si Low-porosity-Si High-porosity Si Low-porosity-Si
Si/silicide/Si c-Si CoSb Air
Si/epitaxial-insulator/Si c-Si CeO] or HfO] Air
Si PhC-line membrane c-Si line defect Air Air
Si Phc self-collim. membr. c-Si self-collimated Air Air
Si-nano-cryst,/Si membr. nc-Si Air Air
Si ARROW (SiGe/Si cladding) c-Si SiGe/Si-anti-rcs,/Si Air
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separating eryo-cooled chips from room-temperature chips, the compatibility of sil­
icon photonics with CMOS represents some of several reasons for developing LWIR 
silicon based photonic integrated circuits [146]. As waveguide dimensions scale with 
the wavelength, in order to reduce the dimensions and facilitate CMOS compati­
bility of MIR devices, plasmonic waveguides and plasmonic waveguide components 
may prove to be a suitable solution. According to Soref et al. [147] it is expected 
tha t the plasmonic propagation loss decreases significantly as the wavelength of op­
eration is increased into the MIR and far-IR due to larger penetration depth of the 
optical mode into the air than into the conductive material. Plasmon optics gener­
ates a new technology in which the surface plasmon polaritons (SPPs) are generated 
and detected optically. It is expected to develop a silicon-based plasmo-electronic 
integrated circuits (PElCs) in which MOSFETs on the perimeter of a planar ’’plas­
monic network” serve to launch and sense SPPs tha t are utilised by the plasmonic 
signal-processing circuits [147].
The potential of this wavelength range is also being pursued, via research in the 
mid-IR sources and detectors based on type 111-V and Il-lV  materials, particularly 
in quantum cascade lasers and detectors [148-150]. Several bio-molecules and gases 
such as glucose, CH4 , CO2 and CO have strong overtone and combination absorption 
lines in the near and mid-infrared, particularly in the 2 to 2.5 fim  wavelength range, 
therefore, several efforts to provide efficient light sources and photodetectors suitable 
for this wavelength range were undertaken [151-153]. Hattasan et al. [154] reported 
heterogeneously integrated GalnAsSb p-i-n photodiodes on a SOI waveguide circuit. 
The device operated at a room temperature with a low dark current of 1.13 fiA  at 
—0.1 V corresponding to a current density of 186 mA/cm^ and a responsivity of 
0.44 A /W  at 2.29 fim resulting in a ~24% external quantum efficiency. Wang et 
al. [155] demonstrated polycrystalline PbTe cavity-enhanced photo conductive detec­
tor fabricated monolithically on a silicon platform. The device was able to operate 
in 2.0-4.2 fim wavelength range. A low temperature processing (<160 °C) was em­
ployed and a peak responsivity of 100 V /W  at 3.5 fim was achieved (Fig. 2.20). 
However, it is still much lower compared to responsivity of standard commercial 
liquid nitrogen cooled HgCdTe detectors (InfraRed Associates, Inc., model MCT-5- 
N-0.05, responsivity of 1x10^ A /W  at 4.5 fim [156]). Commercial MIR detectors 
have low detectivity, need cryogenic cooling to suppress dark current and are power 
hungry compared to NIR detectors (which have 10-100 times higher detectivity, they 
are uncooled, compact, and have fast response time). Therefore, nonlinear effects in
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Figure 2.20: Responsivity spectra of the 100 nm PbTe thin film photodctector within 
the cavity and without cavity [155].
the MIR attract a lot of attention and particularly up/down wavelength conversion 
together with a signal generation and amplihcation attracts much attention.
In 2007, Raghunathan et al. [157] demonstrated a MIR silicon Raman ampli­
fier. The authors reported signal amplification of 12 dB at 3.39 /rm wavelength. 
The active medium was a 2.5 cm long silicon sample that was pumped at pump 
energy setting of ~3.5 mJ over 5 ns at 2.88 /rm. Rong et al. [158] reported the first 
experimental demonstration of cascaded Raman lasing in silicon, offering a very 
promising prospects for the lasing at MIR wavelengths (Fig. 2.21). The authors 
generated continuous-wave, second order single mode lasing at 1.848 fim from a 
1.55 fim pump beam. The output power was greater than 5 rnW and the laser 
linewidth was measured to be <2.5 MHz. The total length of the racetrack res­
onator was 3 cm (including the bend radius of 400 fim), while the bus waveguide 
was 1.6 cm long.
Mid-infrared wavelength conversion in silicon waveguides has also been reported 
[159]. The authors demonstrated four-wave mixing in 1060x250 nm^ strip sili­
con waveguides (3.88 mm long) in the spectral region beyond 2 fim, using ultra- 
eompact teleeom-band-derived fibre-optic sources, achieving generation of 2.388 fim 
light. Wavelength conversion over 630 nm with —36.8 dB efficiency (from 1.758 to 
2.388 fim) was achieved using 2.025 fim pump (with 176 mW waveguide power) and 
signal, both generated using 8 mm long highly nonlinear hbre. Lan et al. demon­
strated a parametric bandwidth of 748 nm by converting a 1.636 fim signal to 
produce a 2.384 fim idler showing continuously tunable wavelength conversion from
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Figure 2.21: (a) Schematic of the cascaded silicon Raman laser, (b) Transmission 
spectrum of the total output from the ring laser cavity. Three peaks correspond to 
the pump, the first and the second order laser outputs (inset: second order lasing 
peak revealed 70 dB signal-to-noise ratio) [158].
1.792 to 2.116 /im [160]. W ith approximately 25 mW of pump power (at 1.94 /rm 
wavelength), the conversion efficiency of approximately —30 dB was achieved for 
1 cm long 940x280 nm^ SOI strip waveguides. Wavelength down-conversion of 
10 G b/s modulated signal at 1278 nm to 2002 nm over 85 THz has also been demon­
strated [161] achieving the conversion efficiency of —10 dB. Liu et al. demonstrated 
optical parametric amplifier using SOI strip waveguides. The authors achieved 
broadband gain of 25.4 dB from a mid-infrared pump beam near 2.2 fim  [162]. 
This gain compensated all insertion losses, resulting in 13 dB net off-chip amplifi­
cation, using only an ultra-compact 4 mm long 700x425 nm^ silicon chip (for TM 
polarisation). Kuykien et al. used pulsed MIR pump at 2173 nm to demonstrate 
wideband (1911-2486 nm) optical parametric gain (with a peak of 50 dB) in a low 
loss 2 cm long 900x220 nm^ SOI nanowire [163]. Recently, the second harmonic 
generation in silicon waveguides strained by silicon nitride has been reported [164]. 
By using a stressing 150 nm silicon nitride overlayer, at a wavelength of 2313 nm and
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at a ns pump peak power of 0.74:0.1 W, a bulk second-order dipolar nonlinear opti­
cal susceptibility of 40 pm /V  in 10.7x2.0 /rm^ waveguides was demonstarated. The 
authors envisaged tha t nonlinear strained silicon might become a future platform for 
the development of integrated light sources in the wavelength range of 1.2-10 fim. 
This represents an im portant result since it would provide silicon photonic devices 
for wideband wavelength conversion at low optical powers.
2.4 P assive devices for m id-infrared applications
The fundamental challenge for mid-infrared group IV photonics is the fact tha t the 
most popular material platform in the NIR range, tha t of silicon-on-insulator, cannot 
be used in most part of the MIR, due to high material losses of Si02. Therefore, 
other waveguide structures need to be developed [29, 147]. In this section, recently 
reported experimental data on passive MIR photonic devices are presented.
2.4.1 Silicon-on-insulator
It is well known from literature tha t silicon is relatively low loss (<2 dB/cm) for 
wavelengths up to 8 fim, whilst there are several multiphonon absorption peaks at 
longer wavelengths [29, 147]. On the other hand, Si02 optical loss rapidly increases 
beyond 3.6 fim, and therefore SOI is not a suitable candidate for longer wavelengths 
[29].
Shankar et ai  characterised silicon photonic crystal cavities realised on SOI 
platform using the resonant scattering method (Fig. 2.22) [165]. The cavities were 
undercut and the authors used the resonant scattering method for the characterisa­
tion (Fig. 2.22) [165]. A tunable quantum cascade laser (QCL) with emission from 
4.315 to 4.615 fim was used to send the light into a ZnSe objective lens and focus it 
onto the sample. The sample was mounted on computer controlled micro-positioner 
stage, and the cavity mode polarisation was rotated by 45 degrees in comparison 
to the polarisation of the QCL laser beam. The authors used a visible HeNe laser 
beam to align the optics, and Ge neutral density filter to reduce the light intensity. 
Photonic crystal cavities re-emitted the light tha t was backscattered into the ZnSe 
objective and focused onto a thermo electrically cooled mercury cadmium telluride 
(MGT) detector through the second polariser.
Cavity modes were imaged using the technique of scanning resonant scattering 
microscopy (Fig. 2.23) [165]. The silicon height was 500 nm, BOX thickness th a t was
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Figure 2.22: Schematic of experimental setup used for characterisation of photonic 
crystal cavities [165].
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Figure 2.23: SEM and scanning resonant scattering image of photonic crystal cavities 
for the MIR [165].
undercut during fabrication was 3 fim, periodicity of the photonic crystal lattice was 
a=1.34 fim, and the air hole radius r=353 nm (r/a=0.263). A variety of L3 photonic 
crystal cavities were fabricated by varying the air hole shift and air hole pairs. The
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devices have demonstrated a peak quality factor of 13.6 k at the wavelength of 
4.4 /rm (Fig. 2.24). However, the theoretical quality factor for this cavity design 
is above 30 k, and post fabrication treatment, such as thermal oxidation should be 
used to smooth the waveguide sidewalls and provide better response. The authors 
also couldn’t obtain experimental results for larger air-hole shifts (Fig. 2.24) which 
suggested the need for an improvement in experimental setup. The results obtained 
in their research are of interest for many applications such as chip-scalc systems for 
sensing and on-chip optical interconnects [165].
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Figure 2.24: Transmission spectrum of photonic crystal cavities with the air hole 
shift of: s=0, s=0.075a, s=0.15a, s=0.225a. Scale is linear [165].
Wei et al. analysed the undercut waveguide components with air-gap beneath 
the silicon at A=10.6 jam [166]. A 1x2 multimode interference splitter based on this 
structure was designed, fabricated and measured. The input and output waveguides 
were 5x4 fiw? rib waveguides with 8 pm high slab region (air gap beneath silicon 
was around 481 pm), while the width and the length of multi-mode interference 
(MMI) area were 200 pm and 6.552 mm, respectively. The S bonds with relatively 
large radius (133 cm) were used to separate output ports by 300 pm for measurement 
and to minimise the bend losses at 10.6 pm wavelength. The authors used 14 pm 
wide and 300 pm long tapers at both the input and output of the MMI region to 
increase the coupling efficiency.
The fabrication process involved reduction of the silicon wafer (rather than SOI) 
thickness to 50 pm, thermal oxidation at 1200 °C, UV lithography and wet etching.
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The resulting waveguide profile had 35.3° slanted sidewalls. The experimental setup 
consisted of a tunable CO2 gas laser with the central wavelength at 10.6 /xm, two 
ZnSe objective lenses and LWIR detector (PVM-10.6 from VIGO) (Fig. 2.25). The 
authors also used a chopper (Stanford Research SR540) and the lock-in amplifier 
(Stanford Research SR830) to generate a square wave signal and to increase the 
signal-to-noise ratio. The difference between the output channels of the MMI splitter
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Figure 2.25: Experimental setup for LWIR waveguides [166].
was 0.76 dB, while the total insertion loss of this system was about 23 dB (including
7.8 dB total coupling losses and 7.8 dB inherent absorption loss from Si at 10.6 /xm).
The authors also fabricated undercut straight waveguides based on SOI to eval­
uate the propagation loss. Straight 5x4 /xm  ^ SOI rib waveguides with a 1 /xm slab 
region, and a 1 /xm BOX layer were also fabricated and tested achieving the prop­
agation loss of 11±0.7 dB/cm. Measures waveguides had a 1 /xm thick BOX layer 
beneath the silicon rib which undoubtedly introduced additional loss. The adoption 
of SOI wafers with thicker top silicon layer and removing high loss silica beneath the 
silicon can be considered for future development of the LWIR devices. An improved 
fabrication process is also necessary to achieve a better waveguide profile and fur­
ther reduction of loss, however, compactness may be a problem due to the relatively 
large dimensions of reported devices (~0.3x15.6 mm^).
2.4.2 Silicon-on-sapphire
The silicon-on-sapphirc platform is an alternative to silicon-on-insulator for the mid- 
infrared applications as waveguides realised in this material have high confinement
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and low losses from A = l.l to 6.2 /xm [167].
The researchers from the University of Washington, USA, investigated submi­
cron SOS strip waveguides at two different operating wavelengths, 4.5 and 5.5 /xm 
[167, 168]. Waveguide dimensions of 1.8x0.6 /xm  ^were chosen since they allow single 
mode propagation at those wavelengths (Fig. 2.26). Jones et al. successfully reduced 
propagation losses from 9.6 to 4.3 dB/cm  at 4.5 /xm for TE input polarisation [167]. 
Devices tha t were tested ranged in total length from 1 mm to 1.4 cm (excluding 
the input/ output tapers). A bend radius of 40 /xm was used to design the propaga­
tion loss section which was well in excess of 10 /xm radius that was obtained from 
modeling.
Figure 2.26: SEM image of a 1.8x0.6 /xm  ^ SOS strip waveguide [167].
The authors used high resistivity (100 Dcm) silicon wafers for waveguide fabri­
cation to reduce optical losses due to free-carriers. Devices were fabricated using 
electron beam lithography and reactive ion etching. All waveguides tested termi­
nated on both ends with 8.0 /xm wide tapers to improve coupling efficiency. The 
chips were cleaved manually and measured. The experimental setup used to mea­
sure these devices used a Nd:YAG laser to drive an optical paramctcric genera­
tor/difference frequency generator (OPG/DEG) (Eig. 2.27), which generated 30 ps 
pulses of linearly polarised infrared light (50 Hz repetition rate) with pulse energies 
around 150 /xJ. The system was capable to operate in the wavelength range of 2 
to 9 /xm, however, the wavelength of 4.5 /xm was chosen due to the hber cut-off at 
longer wavelengths and a poor dynamic range at other wavelengths. The laser beam 
was coupled through a polariser, ZnSe lens and a 9/125 /xm single-mode optical fiber 
to the chip. The output of the chip was coupled directly to free space and then into
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Figure 2.27: Schematic of the experimental setup used to characterise SOS strip 
waveguides [167].
a detector. The boxcar amplifier rejected the signal during the times when there 
was no laser output. A chopper and the lock-in amplifier were used to detect and 
amplify the signal improving the signal-to-noise ratio. An overall signal-to-noise 
ratio of 85 dB and the insertion losses of 12 dB were measured.
Spot et al. investigated SOS strip waveguides and ring resonators in the 5.4 to
5.6 /im mid-infrared wavelength range [168]. Devices were fabricated using electron 
beam lithography and reactive ion etching. The loss measurements were taken with 
the QCL CW mode-hope free (MHP) laser operating at around 5.5 jam. Propagation 
losses of 4.0T0.7 dB/cm were measured for 1.8x0.6 ^m^ strip waveguides at 5.5 /rm 
wavelength while waveguide coupling losses were around 25 dB. Ring resonators were 
also investigated. Low loss SOS ring resonators of 40 ^m  radius and 250 nm edge-to- 
edge spacing revealed Q-values of up to 3.0 k and FSR of 29.7 nm in the 5.4-5.6 //m 
wavelength range (Fig. 2.28). Atmospheric absorption is an increasing problem at 
longer wavelengths in the MIR; therefore a nitrogen pured environment was used to 
remove the absorption peaks, giving a much clearer indication of resonator peaks as 
seen in Fig. 2.28.
Li et al. reported the propagation losses of submicron 1.0x0.28 /mP SOS strip
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Figure 2.28: Transmission spectrum of the ring resonator measured in a nitrogen- 
purged environment (top) and under normal atmospheric conditions (second). 
Transmission spectrum of the SOS strip waveguide measured in a nitrogen-purged 
environment (third) and under normal atmospheric conditions (bottom) [168].
waveguides at 5.18 fim [169]. A tunable CW quantum cascade laser (Daylight So­
lutions, 50 mW output) capable of producing linearly polarised light from 5.07 to 
5.37 fim was used to perform measurements at 5.18 pm (Fig. 2.29). The light 
was coupled into a single mode As2Seg chalcogenide fiber (50 cm long), and then 
butt coupled to the strip waveguide. The output light was imaged on a MIR cam­
era (Spiricon Beam Profiling Cameras) using a ZnSe objective lens. The authors 
measured the intensity of the fundamental guided TE mode peak on the imaging
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Figure 2.29: Schematic of the experimental setup used to measure SOS strip waveg­
uides at the operating wavelength of 5.18 pm [169].
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camera as a function of waveguide length to calculate the propagation losses at 
A=5.18 pm. The drawback of this method was the ability to  perform only the 
propagation loss measurements excluding the coupling losses (inability to take into 
account the amount of scattered light).
Low propagation losses of 1.9 dB/cm  were achieved for submicron 1.0x0.28 pm% 
strip waveguides at 5.18 pm using the custom made SOS wafers. Laser scribing and 
cleaving was used prior to testing to achieve better profile of the waveguide facets. 
The same chips were characterised at the operating wavelength of 1.55 pm  and
2.08 pm achieving the propagation losses of 0.8 dB/cm  and 1.1-1.4 dB/cm, respec­
tively. The authors suggested tha t the low loss at these operating wavelengths can 
be attributed to the device fabrication process. A low resolution I-line stepper mask 
aligner (~400 nm) was used to fabricate SOS strip waveguides while the epitaxial 
growth process was performed to produce the SOS wafers with a very low defect 
density [169]. Submicron 1000x280 nm^ strip waveguides are at the theoretical cut­
off wavelength of 5.18 pm [169], whilst measured losses at 1.55 pm  didn’t exhibit 
exponential behaviour for different waveguide widths (~1.2 dB/cm  for 1000 nm 
wide waveguides and ~0.9 dB/cm  for 400 nm waveguides at 1.55 pm). Therefore, 
it would be useful to measure the propagation losses using standard NIR and MIR 
detectors.
2.4.3 Chalcogenide waveguides
Chalcogenide glasses have also been investigated as a material of choice for integrated 
MIR applications. They exhibit a wide transmission window (long wavelength cut­
off at 9.4 pm), high refractive index (n=2.4 at A=4.8 pm), high nonlinearity, low 
thermal conductivity ( < 1  W /m K), large thermo-optic coefficient (>10“  ^ K~^) and 
photorefractive behavior which makes them a good candidates for integrated on-chip 
photothermal detection [170-172].
Tsay et al. proposed AS2S3 waveguides tha t could be used for chemical sensing 
applications [170]. In their paper, the absorbance of the substrate material was 
investigated as an im portant parameter for low propagation losses. The authors 
used three different substrate materials: 8 % ,  LiNbOa, and NaCl. The fabricated 
strip waveguides were 40 pm wide and 10 pm high. The device testing was performed 
using a setup tha t comprised a QCL MIR laser at 4.8 pm, ZnSe lenses, liquid nitrogen 
cooled MCT photodetector and lock-in amplifier used to discriminate the actual 
signal from ambient background [170]. The cut-back measurements showed tha t the
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propagation loss of the AS2S3 waveguides depended heavily on the transm ittance of 
the underlying substrate. For unannealed samples the propagation losses were in the 
6-10 dB/cm  range (Fig. 2.30(a)). There was a 3.2 dB/cm  reduction in waveguide 
attenuation when Si0 2  substrate was replaced with NaCl substrate (Fig. 2.30). From 
Fig. 2.30(b) it can be seen that the annealing step improved the losses by ~2 dB/cm. 
The lowest propagation loss of 4.5 dB/cm was measured for annealed waveguides 
on NaCl substrate.
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Figure 2.30: Propagation losses of AS2S3 strip waveguides: (a) unannealed, and (b) 
annealed samples [170].
HÔ et al. investigated chalcogenide strip waveguides at the operating wavelength 
of 8.4 jam  [171]. The 3.81 j im  thick As2Sc3 was used as the waveguide core, while 
the 4.53 j i m  AS2S3 layer served as the lower cladding (Fig. 2.31). The top 2 jam  
of the wafer was a layer of Si0 2 , preventing possible mode leakage to the substrate 
(Fig. 2.31). The photo darkening induced the local change in the refractive index 
of As2So3 resulting in the waveguide width of 5.4 j im . Propagation losses were 
measured using the liquid nitrogen cooled QCL (Maxion Technologies, Inc.) emitting 
at 8.4 j im ,  and a MCT detector. A half-wave rhomb and a linear polariser were used 
to control the input polarisation of light. The authors used the cut-back method to 
estimate propagation losses achieving 0.54:0.1 dB/cm  for TE and 1.1 ±0.1 dB/cm  
for TM polarisation.
Transmission measurements of Tc2As2Se5 rib waveguides on AS2S3 have been 
demonstrated at 10.6 j im  [172]. The rib waveguide height of 4 /an, etch depth of
1.9 j im  and the waveguide width of 15 j im  have been fabricated. Total insertion 
losses of a 1 cm long sample was 20 dB. The authors estimated that coupling losses 
contributed by 10 dB and hence concluded tha t the propagation loss was 10 dB/cm .
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Figure 2.31: (a) Cross section of multilayer film chalcogenide strip waveguide, (b) 
SEM image of the multilayer film, (c) Optical microscope image of the chalcogenide 
strip waveguide [171].
The authors suggested that the use of telluride compositions for both the substrate 
and the film can provide the realisation of future integrated components for various 
applications up to 20 jj,m and even more [172].
2.5 Sum m ary
This chapter has attem pted to provide an overview of research in silicon photonic 
devices suitable for near and mid-infrared applications. Among several platforms 
considered for silicon photonics, SOI has become by far the most popular platform. 
Since the early days in 1980’s, there have been some impressive advances in nearly all 
aspects of the technology. One of silicon’s biggest drawbacks, the lack of an efficient 
light source, is also being addressed together with all other areas such as efficient 
light manipulation, modulation, detection, packaging and electronic integration.
SOI waveguides had rather high propagation loss at the beginning, which has 
been reduced to the order of 0.1 dB/cm  (rib waveguides with large cross section 
~1 jim^) owing to improvements in design and fabrication. At first silicon waveg­
uides had also rather large dimensions in order to reduce the insertion loss when 
coupled to/from  an optical fiber. The current trend is, however, to move to smaller
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device dimensions for improved cost, efficiency, and CMOS compatible device per­
formance. Temperature insensitivity of silicon photonics devices is being addressed 
since it represents very im portant issue for the development of viable commercial 
optoelectronic products. Low loss and athermal devices are necessary to provide 
optical networks able to operate in a wide temperature range with reduced power 
consumption.
The expertise gained in the near infrared can be transferred to longer wave­
lengths eventually resulting in improved, low cost and small optoelectronic inte­
grated circuits. Mid and long-wave infrared photonic applications are becoming 
more interesting and therefore new waveguiding structures suitable for those wave­
length ranges need to be found. Although the MIR silicon photonics is still in its 
infancy, significant progress has been made in a short time with respect investigating 
the building blocks necessary to realise integrated circuits at MIR wavelengths. The 
MIR range offers potential applications in a wide variety of areas such as optical 
sensing and environmental monitoring, free-space communications, biomedical en­
gineering, thermal imaging, IR countermeasures and astronomy. The fundamental 
challenge for MIR group IV photonics is the fact tha t the most popular material 
platform in the NIR range, tha t of SOI, cannot be used in most parts of the MIR 
spectrum. Therefore, a viable material platform for the MIR is of key importance, 
together with efficient light generation and detection, for the development of low 
cost, compact and reliable solutions for aforementioned applications.
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Chapter 3 
D evice design m ethodology and 
sim ulation results
This chapter reports on the design methodology and simulation results for both near 
and mid-infrared devices. It begins a with brief discussion of numerical methods 
used for device modeling. The second section presents the design for tem perature 
insensitive waveguides and racetrack resonators for the near-infrared. Finally, the 
third section gives the design guidelines for mid-infrared waveguides and devices 
whilst concluding remarks are given in the fourth section.
3.1 N um erical m ethods for w aveguide analysis
Accurate numerical modeling of silicon photonic devices is very im portant for the 
design and realisation of improved, higher performance optical components and 
systems. It is difficult to check the accuracy of numerical solutions, therefore, a 
comparative study between the results from different methods is very useful. This 
section will describe three numerical methods used in this work; the film mode 
matching method, the beam propagation method, and the finite element method.
3.1.1 Film m ode matching m ethod
The film mode matching (FMM) method represents a very powerful and accurate 
technique for modal waveguide analysis [173-178]. It considers a waveguide as a 
sandwich of slices (denoted with m) wherein each slice is considered to be cut from 
a multilayer planar waveguide (denoted with n), as shown in Fig. 3.1. The method 
is implemented as follows. Initially, the TE and TM modes of each slice are found.
51
3.1 Numerical methods for waveguide analysis
Waveguide sliee number
1 2 3 4 5
1
2 w , Air
3
4 H ,D )  SiOz
5 h Si
6 ’ L
Z  X
SiOz
<u
I
I
iI
I
Figure 3.1: Typical cross section of a SOI rib waveguide, modelled by a number of 
film guide slices [173].
After that the modes tha t have the same z component of the modal wavevector are 
grouped together. Finally, boundary conditions are applied at the slice interfaces to 
find the mode amplitudes in each film. In each homogeneous rectangular waveguide 
slice region the mode field can be represented as a weighted sum of products of 
two trigonometric/hyperbolic functions, one for the x  direction and one for the y 
direction [173-175]. In the scalar case, the mode field in slice m can be expressed 
as:
OO
y, z) =  ^  . ypl(3,) . (3.1)
where u ^ ^ \x )  is the amplitude of film mode number p in the film slice m, is
the field of film mode number p in the film slice m  and /3 =  k^rieff is the propagation 
constant. It can be seen that each film has a set of film modes with mode functions 
<~p^ \^y) such that in layer n of film m:
( 3 . 2 )
where is the wave vector of mode p in the film m, and £(m, n) is the corre­
sponding material’s dielectric constant.
The mode amplitude Up’^ ^(x) in slice m  satisfies an equation similar to Eq. 3.2:
(3.3)
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and has the following form [173, 174]:
(m,l)
cos(fc™ (x -  x"*)) +  ^ s i n ( % ( T  -  x -) ) ,  (3.4)
X,p
where the parameter is computed from:
(3.5)
x*™' is the position of the interface between slices m — 1 and m, and and 
are the amplitude of mode k on the left side of slice m  and the corresponding x  
derivative of the modal amplitude:
lim 4"*)(x), (3.6)
X —
It can be seen tha t the FMM method requires the electric and magnetic fields 
inside a waveguide to be expressed in terms of an infinite sum of its eigenmodes. 
After having derived such expressions in each waveguide (on the left and on the right 
hand side of each slice), one applies the boundary conditions and derive equations 
from which propagation constant and mode field are calculated. The problem of 
the accuracy in the results is mainly due to the order of truncation of the infinite 
expansion needed for the fields. In this study, a commercial software PhotonDe- 
sign, tha t is based on FMM method, was used [179]. Particularly, FIMMWAVE 
and FIMMPROP packages were used for solving the mode field distribution in the 
waveguide and in the real device. A typical number of modes in each section of the 
waveguide tha t gives good precision in the recursive process was found to be around 
50.
3.1.2 Beam  propagation m ethod
The beam propagation method (BPM) is a widely used propagation technique for 
modelling photonic devices. The RSoft commercial software tha t was used in this 
work is based on it [180]. The BPM is a very simple and efficient method, and its 
computational time is linearly dependent on the number of grid points used in the 
numerical simulation. The method also automatically includes the effects of both 
guided and radiation fields as well as mode coupling and conversion.
In this section, we will assume waveguide optical devices to be uniform in propa­
gation z direction, however, a lot of actual devices such as waveguide bends, tapers.
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crossings, interferometers are non-uniform. A standard version of BPM, the fast 
Fourier transform BPM (FFT-BPM) has several drawbacks such as large and uni­
form discretisation widths in the lateral direction; polarisation effect and large index 
difference optical waveguides (strongly guided waveguides) cannot be treated; the 
propagation step has to be small; and the number of sampling points has to  be 
power of two. Therefore, other numerical techniques, the finite difference BPM 
(FD-BPM), the finite element BPM (FE-BPM) and the imaginary distance BPM 
(ID-BPM), have been developed.
In the majority of guided wave problems, it is the phase variation (of a field 0) 
along the propagation direction that changes rapidly. The assumption of BPM is to 
remove this rapidly varying field by introducing a relatively slowly varying field, 
so that:
1/, z) =  2/, z) -
where =  27t/Ao is the wave number, Aq is the vacuum wavelength and ng// is the 
effective mode index. Substituting this equation into the basic Maxwell’s equations 
the scalar equation for the slowly varying field Lp can be obtained:
^  -b -b A;g(yt (^T,i/,z) -  Tig/y) =  0, (3.9)
where =  d /d x  d jdy  represents transversal Laplace operator. It can be seen 
tha t both the first and the second order derivatives terms in z are included. The 
wide-angle wave type of equation means tha t the second derivative of p  with respect 
to z direction is not zero. In tha t case Padé operators need to be used together with 
the two-step finite-difference scheme to solve the second derivative dependence on 
the propagation direction. If the previous assumption is correct {d’^ pjdz^  = 0), then 
the ITesnel wave equation (paraxial approximation) is obtained (Eq. 3.10) and can 
be solved using the standard discretization principle.
Ï =
This is the basic BPM equation in three dimensions (3-D). Providing an input 
field p{x^ y , z  — 0), the above Equation 3.10 determines the evolution of the field in 
the space z >  0.
However, BPM only assumes the forward propagating waves. Therefore, various 
methods such as the bidirectional BPM with iterative procedure, or a combined 
method of BPM and FEM, have been developed to take into account the reflected 
waves. The method also includes the possibility to introduce different boundary
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conditions at the computational window edges such as the absorbing boundary con­
ditions (ABC), perfect matching layers (PML), and transparent boundary condition 
(TBC).
3.1.3 Finite element m ethod
The finit e-element method (FEM) uses a variational or weight residual formulation 
for solution of waveguide problems. Commercial software from COMSOL Inc. that 
is based on FEM was used in this work [181]. The waveguide system is analysed by 
dividing the entire model domain into discrete elements (Fig. 3.2). As a result, FEM 
is applicable to structures with arbitrary refractive index profiles and very complex 
cross-sectional geometries.
Air
Figure 3.2: An example of discretisation in FEM waveguide analysis. The number 
of mesh elements is N=1526.
Mathematically FEM finds the approximate solution of partial differential equa­
tions derived from the wave equations by combining local solutions over discrete 
volume elements. The starting assumption is that the field T takes the form:
0(a;,y ,z) -  0(a;,2/) - e (3.11)
where ko = 27t/Ao is the wave number, Aq is the vacuum wavelength and ng// is 
the effective mode index assuming the propagation direction along the z axis. This 
assumption effectively reduces the 3D structure to a 2D waveguide problem. We 
will now describe the general principle of both methods.
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Instead of solving the wave equation directly, FEM transforms it into an equiv­
alent variational problem with appropriate boundary conditions. The solution of 
the wave equation can be obtained by finding field $  tha t satisfies the stationary 
condition of the functional:
^  =  -  J J +  ( -^ )^  +  kl{n^{x, y) -  n l f ^ ) ^ ‘^ ]dxdy -  $ ^ d F ,  (3.12)
n
where O is the analysed region surrounded by boundary F, and ~n is the outward- 
directed unit vector normal to the surface of the analysed region D. The analysed 
region is first divided into segments, which are called elements, and the functional 
is calculated for each element e. Using the basis function (often called shape 
functions) of element e, the the wave function is expanded as:
=  (3.13)
i
Then, the total functional ^  for the whole analysed region is obtained by summing 
up the functionals for all elements: ^e- The final eigenvalue matrix
e
equation is obtained by imposing the stationary condition on the functional ^  and 
taking boundary conditions, Dirichlet $  =  0 or Neumann d ^ / d n  = 0.
The weighted residual methods, such as the Galerkin method, are very powerful 
and widely used. It considers solving the following equation:
+  kl{n?{x, y) -  n\^^)^]dxdy  =  0, (3.14)
where both the approximate wave function 0  and the weight function ^  are ex­
panded by the same basis functions. Similarly to the previous case, we first divide 
the analysed region into many elements, then apply the Galerkin method to each 
element, and finally sum up the contributions of all the elements.
The accuracy of FEM depends on a proper discretization of the analysed domain. 
The total number of mesh elements, or mesh density, is crucial to the accuracy 
of the solution. It is usually improved by simply increasing the number of mesh 
elements in regions where $  is changing rapidly. However, this may result in a 
time-consuming calculation process. Inefficient and needless mesh refinements waste 
computer resources; therefore, automatic procedures for adaptive mesh generation 
are highly desired. A convergence analysis is generally performed to determine an 
appropriate mesh density required to achieve acceptable accuracy.
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3.2 Tem perature insensitive racetrack resonators
The temperature dependent resonant wavelength shift of racetrack resonators de­
pends on the mode effective index and the optical path length at any given wave­
length [129, 130, 134]. The mode effective index at a given temperature depends on 
the m aterial’s refractive index, waveguide dimensions and operating wavelength. In 
this study the film mode matching method [129] was used to calculate the effective 
mode indices and resonant wavelengths at different temperatures (Equation 2.5) in 
order to provide an athermal design and therefore a very small TDWS. This section 
will provide design rules for athermal waveguides and racetrack resonators.
3.2.1 Simulation results for athermal waveguides
Standard SOI strip waveguides with 220 nm crystalline silicon height and 2 /rm 
buried oxide layer have been used (Fig. 3.3(a)). Polymer Exguide'^^ LFR-372 based 
on perfluorinated acrylate (ChemOptics Inc.), with refractive index of 1.372 (at 20 
°C) and high TOC of -2 .497x10 '^  at 1550 nm (Fig. 3.3(b)), has been used 
for the top cladding since it exhibits low optical loss, low intrinsic absorption, low 
birefringence and excellent environmental stability [182]. Refractive indices and 
corresponding TOCs for Si and Si02 used for simulations in this work were equal to 
those used in Ref. [129], together with the second order interpolation of measured 
polymer refractive index (Table 3.1).
Figure 3.4 shows the influence of various parameters on TDWS. It can be seen 
that for narrow waveguide widths, TDWS is always negative. This occurs due to 
the higher mode expansion in the top polymer cladding (that has a negative TOC)
yA (a) P olym er L FR -372
' L W
u—
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dn/dT=-2.497xlO"' /°C
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Figure 3.3: (a) Modelled structure of SOI strip waveguide; inset: SEM of a race­
track resonator, (b) Measured refractive index of the polymer film as a function of 
temperature [182].
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M a te ria l ty p e Si [129] SiÜ2 [129] L FR -372 [182]
Refractive index, n 3.476 1.444 1.372
TOC, dn/dT  [xlG-^ K -i] 1.86 0.1 -2.497
1.279 0.625
than in the silicon core. The TDWS increases when waveguide width increases and 
finally saturates to 70 pm /K  for W>5G0 nm. In the narrow range of waveguide 
widths around 3G5±1G nm, the TDWS is less than IG pm /K  and second order ef­
fects appear at certain temperatures providing parabolic resonant wavelength shift 
(Fig. 3.4). Parabolic curves shift to lower temperatures as waveguide width in­
creases because the mode is mainly guided in the silicon core, with its positive TOC 
(Fig. 3.4, inset). It should be noticed that these simulations have been performed at 
a certain waveguide height (H=22G nm) and operating wavelength (A^=155G nm). 
For smaller waveguide heights (H=21G nm), constant waveguide width and operat­
ing wavelength, the TDWS becomes negative; in order to make it zero again the 
waveguide width needs to be increased (i.e. the ’’grey zone” shifts to larger widths, 
W —325 nm), such that mode confinement in the Si core remains the same. The
(D (U
TDWS
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I
160i 
120- 
. 80
40-
0 -
■  W =302 nm  
#  W =305 nm 
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Figure 3.4: Simulated TDWS for the TE mode as a function of different waveguide 
widths (H=22G nm, 1550 nm); inset: Parabolic resonant wavelength shift occurs 
in the narrow range of waveguide widths and shifts to higher tem perature values 
when waveguide height decreases.
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Figure 3.5: Athermal zone where second order effects appear shifts to higher waveg­
uide widths when resonant wavelength increases.
influenee of different wavelengths on athermal condition have also been examined. 
The athermal zone (W6[Wmin, Wmax]) shifts to larger values of waveguide widths 
when the resonant wavelength increases (Fig. 3.5). This can be described by the 
following equation:
— 131 -f 0.278 • A[nm] <  W[nm] < —125 -H 0.280 • A[nmj. (3.15)
Equation 3.15 is obtained using a standard linear fitting of the results in Fig. 3.5 
and provides an athermal design rule for SOI strip waveguides with H=220 nm and 
for TE polarisation.
3.2.2 Simulation results for athermal racetrack resonators
The racetrack resonators based on athermal waveguides from the previous section 
were designed to experimentally demonstrate the temperature insensitive device. 
The commercial software FIMMPROP that is based on FMM method was used to 
find optimum values of a racetrack resonator parameters, such as racetrack radius 
(R), coupling length (CL) and edge-to-edge spacing (G). The mode profile was 
calculated for a certain waveguide geometry and then served as an input field of the 
straight waveguide. The racetrack parameters were varied to optimise the power 
coupling to the ring (Fig. 3.6). In this thesis racetrack resonator coupling length is
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Figure 3.6: Fimmprop field profile simulations of a racetrack coupler.
defined as the physical length of a coupler, whilst the power coupling to the racetrack 
resonator is normalised to the input power of the straight waveguide.
Figure 3.7 shows the influence of different waveguide widths on the racetrack 
resonator coupling factor. For a given radius R=30 ^m, coupling gap G=280 nm and 
operating wavelength A=1.55 /iin, the coupling length was varied until the maximum 
power from the straight waveguide was coupled to the racetrack. As it can be seen, 
at certain coupling lengths (with a certain period) maximum coupling efficiency 
occurs. The simulations were performed for different waveguide widths of W g {300, 
330, 350} nm. For a waveguide width of W=300 nm, the optimal coupling length was
R=30 jam; G=280 nm;À=1.55 (im 
• W =300 nm ■ W =330 nm  ^ W =350 nm
10 20 30 40
Coupling length [pm]
Figure 3.7: Simulation results of a normalised power coupled to a racetrack from 
the straight waveguide as a function of different waveguide widths and racetrack 
coupling lengths (R=30 /rm, G=280 nm, A=1.55 /iin).
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found at around CL=10.9 //m (with a period of 12 fim), whilst for 330 and 350 nm 
wide waveguides the optimum coupling lengths were at around CL(330 nm)=5.2 fim 
(with 21.6 fim period) and CL(350 nm)=12.3 //m (with 33.4 fim period). It can be 
concluded tha t fabrication tolerances are better for wider waveguide widths, whilst 
the athermal condition occurs at lower widths.
Figure 3.8 shows the influence of different racetrack radii and coupling gaps on 
the racetrack resonator coupling efficiency. For a waveguide width W —300 nm and 
coupling gap G—280 nm, the coupling length was varied to optimise the power cou­
pled to a racetrack from the straight waveguide (Fig. 3.8(a)). The output power
( a )  W = 3 0 0  n m ; G = 2 8 0  n m  
• R = 3 0  ^ m  ■ R = 4 0  jam ^ R - 5 0  p m
10 20 30 40
Coupling length [pm]
( b )  W = 3 0 0  nm; R=40)Lnn
•  G = 2 6 0  nm ■ G = 2 8 0  nm G = 3 0 0  nm
10 20 30 40
Coupling length [pm]
Figure 3.8: Simulation results of a normalised power coupled to a racetrack from 
the straight waveguide as a function of racetrack coupling length for: (a) different 
racetrack radii, and (b) different coupling gaps (W=300 nm, A=1.55 pin).
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was calculated for different racetrack radii Re{30, 40, 50} pm at the operating 
wavelength of 1550 nm. A similar behavior to tha t shown in Fig. 3.7 was found; 
at certain periodic values of coupling gaps the coupling efficiency was maximised. 
The optimum coupling lengths were CL(30 pm )—10.9 pm, CL(40 pm)=9.96 pm and 
CL(50 pm )—9.08 pm for a radius of 30, 40, and 50 pm, respectively. It can be noticed 
tha t for R=50 pm coupling length decreases by 1 pm compared to CL(R=30 pm). 
A similar shift was also noticed for waveguide widths of 330 nm and 350 nm. Fig­
ure 3.8(b) shows the influence of different coupling gaps on the racetrack resonator 
coupling efficiency for a radius R=40 pm and waveguide width W =300 nm. It 
can be seen tha t at shorter coupling lengths the difference between the optimum 
values of racetrack coupling lengths was within ±1.4 pm: CL(260 nm)=8.69 pm, 
CL(280 nm)=9.96 pm and CL(300 nm)=11.32 pm, for a coupling gap of 260, 280, 
and 300 nm, respectively. For other periodic values of coupling length at which max­
imum value of coupling efficiency is achieved, this difference is larger (Fig. 3.8(b)). 
Therefore, the first value of coupling length at which optimum coupling was achieved 
was used for the design and fabrication stage.
The influence of different operating wavelengths is shown in Fig. 3.9. The waveg­
uide width, racetrack radius and coupling gap were kept constant during simulations 
while racetrack coupling length was varied to optimise the power coupled to a race­
track from the straight waveguide. The output power was calculated for coupling 
gap Gg{280, 300} pm at the operating wavelengths A g{1.53, 1.55, 1.58} pm. In 
both cases, at shorter wavelengths, the optimum values of coupling lengths were 
shifted to higher values satisfying the resonant condition. For a certain waveguide 
geometry, shorter operating wavelength influences lower evanescent field of the op­
tical mode (higher mode confinement in the silicon core), and therefore longer cou­
pling lengths are required to achieve better coupling efficiency. For waveguide width 
W =330 nm, racetrack radius R=40 pm, and coupling gap G—280 nm the difference 
between the optimum values of racetrack coupling lengths was within ±2.4 pm: 
GL(1.53 pm )—5.91 pm, GL(1.55 pm )—4.00 pm and GL(1.58 pm )=1.66 pm, for an 
operating wavelength of 1.53,1.55, and 1.58 pm, respectively (Fig. 3.9(a)). For wider 
coupling gap G=300 nm this difference was larger ±2.8 pm: GL(1.53 pm )=7.47 /.im, 
GL(1.55 pm)=5.37 pm and GL(1.58 pm)=2.64 pm, for an operating wavelength 
of 1.53, 1.55, and 1.58 pm, respectively (Fig. 3.9(b)). Longer values of racetrack 
coupling lengths at which maximum output power occurs for G=300 nm than for 
G=280 nm are due to the higher coupling region and lower evanescent field interac­
tion between two arms of directional coupler.
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Figure 3.9: Normalised power coupled to a racetrack from straight waveguide as 
a function of different coupling lengths and operating wavelengths for a racetrack 
coupling gap of: (a) G — 2 8 0  nm and (b) G = 3 0 0  nm (W=330 nm, R=40 pm).
3.3 W aveguides and devices for th e m id-infrared
In this section design rules for both single-mo de and polarisation independent strained 
SOI rib waveguides at the wavelength of 3.39 pm are presented. Waveguide geome­
tries with different parameters have been studied. The design guidelines for optical 
splitters and racetrack resonators based on submicron SOI strip waveguides are also 
given. Strip waveguides and devices are examined at operating wavelengths longer 
than 3.7 pm.
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3.3.1 Simulation results for mid-infrared rib waveguides
The analysed structure at the operating wavelength of A=3.39 pm is a SOI rib 
waveguide with the height of Hg{2.50, 2.95, 3.50} pm, and variable waveguide rib 
width W, etch depth D, top oxide cover thickness t and sidewall angle 6 (Fig. 3.10). 
This wavelength was chosen in the design stage, because it is interesting for sens-
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Buried oxide (SKA)
Substrate (Si)
Figure 3.10: Modelled structure: t is the top oxide layer thickness, H is rib height, 
D (D=H-h) is etch depth, W is waveguide rib width and 0 is the rib sidewall angle; 
inset: SEM structure.
ing applications, and Raman amplification has been also reported at this wavelength 
[157] and it falls within the first atmospheric transmission window (3-5 pm) which is 
interesting for free space communications. The rib waveguide height of H=2.95 /im 
has been chosen as it scales up with the height of H=1.35 pm of the rib waveguides 
used in the optical filters reported by Headley at al. at the wavelength of 1.55 pm 
[183]. The BOX layer is 2 pm in thickness, while the top oxide cladding in per­
formed simulations is 0.1-3 pm thick. The strain in the upper SiÜ2 layer produces a 
stress distribution within and near the Si rib, which in turn causes a change of the 
refractive index in both materials due to the photoelastic effect [184-187]. During 
the simulations, it was assumed tha t the thickness of the upper cladding film on the 
rib sidewalls is 70% of that on the top, a result obtained by an SEM investigation 
of the fabricated rib waveguides (Eig. 3.10, inset). The simulations were performed 
by using a 2D FEM modeling and verified by 3D semi- and full-vectorial BPM. The 
method we used was to calculate the effective indices for the fundamental and the 
first two higher order modes, for both polarisations, TE and TM, over a range of 
waveguide dimensions.
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All material parameters used in numerical calculations and simulation program 
tha t implements stress model [187] are included in Appendix A. The computational 
window size for stress calculation was set to be 100x100 pm^, large enough to 
minimize the influence of the edge effects on the stress distribution in the vicinity of 
the rib waveguide. Because of the sharp waveguide corners stress is inhomogeneous 
and anisotropic [187]. The stress field in the waveguide and Maxwell’s equations 
are solved by FEM, on a nonuniform mesh of triangular elements. For numerical 
computations, approximately 40000 elements and the higher order shape functions 
of the Lagrange type were used.
Table 3.2 summarizes experimental results for upper cladding stress for a range 
of deposited oxide thicknesses. Thermal oxidation and plasma enhanced chemical 
vapor deposition (PECVD) were used for oxide deposition and these processes will be 
described in more details in Chapter 4. Two sets of values for power and frequency 
were used, 60 W at 308 KHz (low frequency PECVD) and 30 W at 13.56 MHz 
(high frequency PECVD). Stress measurements were carried out by wafer curvature 
comparison, before and after deposition. The measurements were provided by B. 
Kessler Foundation for Research, Trento, Italy. The experimentally measured afUm 
(Table 3.2, Appendix A) was used as a target stress level in the simulation analysis 
by varying the temperature change (AT) in the model.
Table 3.2: Experimental results for cladding stress measurements and corresponding 
standard deviation of measured data. Experimentally measured afUm was used as
L ayer S tress  [MPa] T h ickness [nm]
Si0 2  (thermal) -324 (±  1) 1000
PECVD SiO (high frequency) -253 (T  2) 1110
PECVD SiO (low frequency) -388 (±  1) 1150
Figure 3.11 represents an example of calculated stress field distribution in the 
waveguide and corresponding electric field profiles. Cladding film in plane (x — z 
plane) stress component afu^  represents the stress in the uniform film far away from 
the rib (Fig. 3.11(a)). As it can be seen stress is very anisotropic in the waveguide 
core and is governed mainly by the upper cladding. The electric field is concentrated 
in the waveguide core and decays rapidly in the top oxide cladding and BOX layer 
(Fig. 3.11(c),(d)). The increased polarisation dependence in the waveguide is derived 
from the increasingly differing mode shapes of the quasi-TE and quasi-TM modes 
(Fig. 3.11(c),(d)).
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Figure 3.11: Stress field distribution in a SOI rib waveguide, (a) stress field 
and (b) stress field cr^ : and corresponding electric field profiles, (c) quasi-TE mode 
and (d) quasi-TM mode (H=2.95 fim, D=1.7 fim, W=2.5 fim, t = l  fim, 6^=90°, 
f i l m  =  —290 MPa, A=3.39 fim).
P o la risa tio n  in d e p en d en t r ib  w aveguides
The stress causes birefringence [188] which may in turn induce polarisation con­
version and polarisation dependent loss. In many applications it is im portant to 
achieve small modal birefringence, defined here as the difference between the ef­
fective indexes of the two orthogonally polarised modes, quasi-TE and quasi-TM 
AVg// =  — TV™. To achieve zero-birefringence in rib waveguides, an optimi­
sation of waveguide dimensions is necessary. As we are investigating a most common 
situation where there is an oxide upper cladding, the total birefringence is, however, 
the sum of the geometrical birefringence and stress induced birefringence [185].
The modal birefringence A N ^f f  was evaluated for different rib waveguide geome­
tries and top oxide cover thicknesses. Etch depth was varied for a range of t  values, 
and parabolas which correspond to waveguide dimensions with no polarisation de­
pendence {ANeff  = 0), i.e. zero birefringence condition (ZBC), were plotted.
The ZBC curves for different values of top oxide cover thickness as a function 
of waveguide rib width and etch depth are shown in Fig. 3.12. It can be seen tha t 
the increase of the top oxide cover thickness shifts the ZBC curves to smaller values 
of the etch depth. Also, for the upper part of the ZBC curves, that is for wider 
ribs, when increasing the oxide thickness the birefringence will become negative and 
therefore to make it zero again, the width of the rib needs to be increased in order 
to reduce the stress influence on the rib. On the other hand, for the bottom  part of
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the ZBC curves, tha t is for narrower ribs, the mode resides mainly in the slab region 
and therefore the increase of the oxide thickness will not affect the birefringence 
significantly, hence the saturation in that region. It can be also noticed tha t there 
is no significant difference between ZBC curves for t> 2  fim.
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Figure 3.12: The zero-birefringence condition as a function of waveguide rib width 
and etch depth for different values of top oxide thickness at an operating wavelength 
of A=3.39 fim. The waveguide height is equal to 11=2.95 fim, while the upper 
cladding stress is equal to crfum = —290 MPa (6^=90°).
The results show that for smaller etch depths (D<Dmin=1.6 fim) the birefringence 
is always positive, i.e. the effective refractive indices for both polarisations cannot 
be equalised by changing the values of waveguide width and top oxide cover. It 
should be noticed that these results are obtained for a certain level of stress of the 
upper oxide cladding and constant waveguide height, hence Dmm will be different 
for different levels of stress and height. Deeper etched devices show a tendency for 
two specific waveguide widths for which the ZBC is fulfilled. The increase of the top 
oxide cover thickness will allow the presence of shallower etch depths at which both 
modes will be guided through the waveguide in the same fashion. For larger t, the 
family of ZBC curves becomes ’deeper’ and wider. Considering constant etch depth, 
when t is increased the larger value of W for which ZBC is fulfilled will also increase, 
whilst the lower value of W will not change significantly and will be saturated, as 
already shown in Fig. 3.12.
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Figure 3.13 shows the influence of sidewall angle on ZBC. The ZBC curve is 
shifted to lower values of W. When 0 is decreased, for constant W at the top of the 
rib, the width of the bottom of the rib will increase and therefore the effective width 
of the rib will increase. Therefore, for constant oxide thickness, the ZBC will not 
be fulfilled. To obtain A N ^f f  = 0, the effective rib width needs to be decreased, 
which means tha t the ZBC will be fulfilled for narrower ribs. Fabricated waveguides 
typically have sidewall angles in the 80°-90° range [185]. In that case the ZBC curve 
moves down maintaining the values of etch depth (Fig. 3.13).
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t=l pm3 . 0 -
-S 2 .5-
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0.0
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Etch depth [pm]
Figure 3.13: The zero-birefringence condition as a function of waveguide rib width 
and etch depth for different values of rib sidewall angle (A=3.39 pm, H=2.95 pm, 
t = l  pm, a film = -290  MPa).
The influence of different waveguide heights on the ZBC for different values of 
top oxide cover thickness is presented in Fig. 3.14. The curves follow similar trend 
compared to the previous case for the waveguide height of 2.95 pm: each curve shifts 
to right, for relatively smaller top oxide cover thicknesses, and ’saturates’ for small 
values of W, due to the optical mode confinement in the slab region. If we look a 
family of ZBC curves for H=2.95 /un and consider it as a starting point, it can bo 
seen tha t for waveguide height of 11=2.5 //m the family of ZBC curves shifts to left, 
providing minimum value of etch depth of D,nin=l-4 /un for which the ZBC can be 
achieved. Similarly, the family of ZBC curves for 11=3.5 /un shifts to the right and 
gives Dmin=l-85 pm. This means that by decreasing the waveguide height the ZBC 
can be achieved for shallower etched devices.
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Figure 3.14: The zero-birefringence condition as a function of waveguide rib width 
and etch depth for different values of top oxide thickness for waveguide height of: 
(a) H=2.5 pm, and (b) H=3.5 pm (A=3.39 pm, 6*=90°, (JfUm =  —290 MPa).
It is interesting to see what happens when the influence of various cladding stress 
levels are taken into account (Fig. 3.15), for a specific waveguide geometry. Previous 
analysis was based on (JfUm = —290 MPa because it falls within experimentally 
measured cladding stress (Table 3.2) and it (or a similar value) was used in past 
research for NIR wavelengths [184-187]. Here, for a waveguide height of H==2.95 /rm 
and top oxide cover of t = l  pm, four examples are presented, (Tjum € { —250, —290, 
-350, -400} MPa using the previously shown experimental data. It can be seen 
that the ZBC curve shifts to lower values of D when a higher value of compressive 
stress is applied. For small values of W (narrower widths) the mode is mainly 
guided through the slab region and an increase in compressive cladding stress will 
not significantly affect the birefringence, providing saturation of ZBC curves in this 
region. As ajum represents the in-plane {œx) compressive stress, for larger values 
of W the waveguide is effectively compressed in the x-direction providing a smaller 
value for effective waveguide width and causing birefringence. In order to achieve the 
ZBC, the effective waveguide width needs to be increased to balance the influence 
of compression in-plain strain and that is the reason why the curves move towards 
higher values of W, when the absolute value of stress increases. This case is similar 
to that previously described because higher top oxide cover thickness t corresponds 
to a higher absolute value of compressive cladding stress.
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Figure 3.15: The zero-birefringence condition as a function of waveguide rib width 
and etch depth for different values of upper cladding stress levels (A=3.39 pm, 
H=2.95 pm, t = l  pm, ^=90°).
Single m ode an d  p o la risa tio n  in d e p en d en t r ib  w aveguides
Similar to the calculation of the ZBC curves, for a given waveguide height and oxide 
thickness, a number of single mode ’quasi-TE’ and ’quasi-TM’ points were found in 
the waveguide w idth/etch depth plane. For each specific value of etch depth, the 
waveguide rib width was changed until the first higher order mode was found. This 
was performed for a given value of waveguide height and top oxide layer thickness. 
The field profile is strongly dependent on the waveguide geometry and in some cases 
it was found tha t the more critical higher order mode was the quasi-TMoi mode, 
while in other cases it was the quasi-TMio- In common with previous work [186], it 
was found that satisfying the single mode condition for the TM mode is again more 
restrictive than for the TE mode. The area below the SMC for quasi-TM mode 
defines the global condition for the single mode behavior. According to simulations 
for given waveguide parameters, there is at least one intersection point between 
the SMC line for quasi-TM mode and the ZBC curve. A part of the ZBC parabola 
between the intersection points (locus) defines waveguide parameters for which both 
ZBC and SMC are satisfied.
Figure 3.16(a)-(c) shows the single mode condition together with ZBC curve 
described previously for three different waveguide heights Hg{2.50, 2.95, 3.50} fini 
at the wavelength of A=3.39 /nn. For a top oxide cover of t= l  /an single mode curves
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Figure 3.16: Single mode and zero birefringence condition as a function of waveguide 
rib width and etch depth for waveguide height of (a) H=2.5 /am, (b) H=2.95 /rm 
and (c) H=3.5 p,m (A=3.39 /rm, t = l  /am, ^=90°, (Tfum. =  -290  MPa).
were calculated assuming vertical rib sidewalls and stress level of Ofum = —290 MPa. 
The influence of the waveguide height on waveguide birefringence was described in 
the previous section. ZBC curves are moving to the right with increasing waveguide 
height. This provides a lower values of waveguide etch depth for which polarisation 
independence can be achieved. Single mode curves are also affected by the change in 
waveguide height. The slope of the SMC curve becomes larger when the waveguide 
height decreases. As it can be seen there is at least one intersection point between 
the ZBC and SMC curve. The part of the ZBC parabola from this intersection point 
provides a ZBC locus for which both conditions can be achieved.
Figure 3.17 shows the single mode and polarisation independent locus at different 
waveguide heights. The locus moves to right when the waveguide height increases.
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Figure 3.17: Waveguide geometries that exhibit both single mode and polarisation 
independence condition at three different waveguide heights (A=3.39 pm, t = l  pm, 
(9=90°, (Tfiim =  —290 MPa).
It can be interpolated by the following expression:
a + cH + e In W - i - + i( lnW)^ + k H  In W  
^  l + bH + d l n W  + fH 2  + h(ln W y  +  j H  In W  ’  ^ ^
Hg [2.5,3.5]pm, WG[Wmin,Wmax], whcrc Wmin and W^ax are given by the following 
equations:
Knin =  -1.21982 +  0.663797/ -  0.0029277^, 
=  2.72265 -  1.2386277 +  0.3550677^. (3.17)
This interpolation gives minimal standard error 0.26%) and all parameters in 
equation 3.16 and 3.17 are in pm. The coefficients a to k in Eq. 3.16 are: 1.5363208, 
-0.55421541, -0.89935048, -0.37045017, -0.50381279, 0.085060013, 0.15360476,
0.059839912, 0.1856229, 0.083117058, 0.057757, respectively. It is worth mentioning 
again that these expressions have been calculated for a relatively high value of top 
oxide cover of t = l  pm and cladding stress of crjum =  —290 MPa. As the increase of 
the top oxide cover over 1 pm will saturate the ZBC and SMC curves, the Eqs. 3.16 
and 3.17 are also valid for higher values of t ( t> l  pm).
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3.3.2 Simulation results for mid-infrared strip waveguides 
and devices
This section reports on the design guidelines for mid-infrared optical splitters and 
racetrack resonators based on submieron SOI strip waveguides. The commercial 
software FIMMPROP that is based on FMM method was used to find optimum 
values for 1x2 multimode interference splitters and racetrack resonator. The devices 
were designed for the 3.7-3.9 pm wavelength range. This wavelength range was 
chosen because it is interesting for military applications [189] and the possibility to 
investigate the propagation losses for submicron waveguides at wavelengths longer 
than 3.7 //m (since Si02 material absorption becomes higher at those wavelengths 
[139]).
Figure 3.18 shows simulation results for single mode condition for SOI strip 
waveguides with height H=500 nm and various widths at a A=3.8 pm wavelength. 
Similar to the previous work for rib waveguides, waveguide height was kept constant 
and a number of quasi-TE and quasi-TM points were calculated. Using the BPM, 
waveguide width was changed until the first higher order mode was found. The 
single mode waveguides (W<1.36 pm) were used as a basic building block for MMI 
and racetrack resonator designs (TE polarisation).
The 1x2 MMI splitters were designed to operate at a wavelength of 3.74 pm and
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Figure 3.18: Effective mode index for the fundamental and the first higher order 
modes of SOI strip waveguides as a function of waveguide width (11=500 nm, A=3.8 
pm).
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were built upon SOI strip waveguides. The commercial software FIMMPROP tha t is 
based on the FMM method was used to find optimum values of MMI such as width 
and length. The widths of the MMI region were chosen to be W m m i G{7.5, 8.0, 
8.5} pm to allow for compactness whilst ensuring that the output waveguides are 
sufficiently separated to avoid evanescent coupling between them. Different lengths 
of MMI were simulated to suitably image the light from the input port onto the 
output ports at a wavelength of 3.74 pm. The output power of both MMI ports was 
normalised to the input power for different MMI dimensions. Figure 3.19 shows a 
typical MMI field profile for optimum two-fold self imaging. Additionally, a 30 pm 
long and 3 pm wide tapers were used at the input/output ports of the MMIs to 
reduce the coupling loss [190].
Figure 3.19: MMI field profile for optimum two-fold self imaging, L m m i = 2 2 . 4  pm, 
Wmmi= 8 pni.
Normalised output power of 1x2 MMI splitter as a function of different MMI 
widths and lengths at an operating wavelength of 3.74 pm is shown in Fig. 3.20. 
For a given MMI width, MMI length was varied to find the optimum value at 
which maximum transmission can be achieved. The plot of output power vs length 
has a near parabolic shape and reaches its maximum (~98%) at a MMI length of 
19.7 pm, 22.4 pm, 25.2 pm, for MMI widths of 7.5, 8.0 and 8.5 pm, respectively. 
The output port separation of 4.05 pm from the centre of the taper was used in 
simulation analysis. It can be seen that the MMI width increase of 0.5 /mi provides 
a MMI length shift of around 2.7 /nn to higher values whieh is in good agreement 
with standard MMI theory [190]. For an optimum MMI length at whieh maximum 
transmission occurs, the output power decreases by around 14% when MMI width
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Figure 3.20: Normalised power as a function of different MMI length and width 
(A=3.74 /im, S—4.05 /rm).
changes AW =0.5 /im, whilst for an optimum value of MMI width, a change in MMI 
length of AL=0.5 /im causes output power to decrease of around 0.1% (Fig. 3.20).
The influence of different MMI channel separations and operating wavelength 
on MMI performance are also examined (Figs. 3.21 and 3.22). For a given MMI 
geometry and operating wavelength of 3.74 /im, separation between the output ports 
was varied to monitor the output power of 1x2 MMIs. It can be seen tha t the peak
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Figure 3.21: Normalised output power of 1x2 MMI as a function of different channel 
separation (W =8 /iin, Lmmi=22.4 /iin, A=3.74 /mi).
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Figure 3.22; Normalised output power of 1x2 MMI as a function of different MMI 
length and operating wavelength (W =8 /xm, S=4.05 /xm).
transmission occurs at channel separation of S~4 /xm and is around 99% ( W m m i = 8  
/xm, L m m i = 2 2 . 4  /xm). A similar value was obtained for different MMI geometries. 
Figure 3.22 shows the influence of different operating wavelength on MMI output 
power. For a given MMI width, an increase in operating wavelength provides the 
decrease of optimum MMI length at which maximum transmission can be achieved. 
MMI lengths around 22 /xm were found to be optimal for operating wavelengths in 
the 3.74-3.8 /xm range, whilst 25.5 /xm long device is optimal for the wavelength of 
3.39 /xm. These results are consistent with standard MMI theory which suggests 
optimum MMI length to bo inversely related to operating wavelength [190].
Racetrack resonators based on submicron H=500 nm SOI strip waveguides were 
also designed using the FIMMPROP software. A similar analysis as for the at her mal 
racetrack resonators was performed. The mode profile was calculated for a certain 
waveguide geometry and then used as an input field of the straight waveguide. The 
racetrack radius of R=IOO /xm was kept constant, whilst coupling length (CL) and 
cdgc-to-cdge spacing (G) were varied to maximise the power coupled to a racetrack 
at the operating wavelength.
Figure 3.23 shows normalised output power coupled to the racetrack for differ­
ent coupling lengths, coupling gaps G g {I.I, 1.2, 1.3} /xm and operating wavelengths 
A G{3.74, 3.80} /xm at constant waveguide width W = I /xm. It can be seen tha t rela­
tively high coupling lengths (up to I mm) were used in simulation analysis compared 
to near infrared wavelengths. This is duo to a relatively large gap (G>I  /xm) be-
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Figure 3.23: Normalised power coupled to a racetrack from straight waveguide as 
a function of different coupling lengths and edge to edge spacings for operating 
wavelength of: (a) A—3.74 pm, and (b) A=3.80 pm (W = l pm).
tween the bus waveguide and the racetrack. Similar behaviour was obtained for both 
wavelengths. At certain coupling gaps a resonant condition is fulfilled and as the gap 
increases the coupling length is shifted to longer values. Figure 3.24 presents similar 
results but for a waveguide width of W=1.2 pm. The output power drops slower 
than for W=1 pm due to wider waveguides and higher optical mode confinement 
inside the waveguide.
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Figure 3.24: Normalised power coupled to a racetrack from straight waveguide as 
a function of different coupling lengths and edge to edge spacings for operating 
wavelength of: (a) A=3.74 pm, and (b) A=3.80 pm (W=1.2 pm).
3.4 Sum m ary
This chapter reports on the numerical methods used for modelling and simulation 
results for both near and mid-infrared devices. It is difficult to provide a fast and 
accurate solution of Maxwell’s equations for devices the dimensions of which are 
on micro- and nano-scale. Therefore, various numerical techniques, such as FMM, 
BPM and FEM are described. It is shown that numerical methods are essential and 
powerful tools for predicting the performance of photonic devices.
Design guidelines for near infrared temperature insensitive strip SOI racetrack
78
_______ 3.4 Summary
resonators are given. The influence of various parameters, such as waveguide width, 
waveguide height, racetrack radius, coupling length, racetrack gap, and operating 
wavelength, on temperature dependant wavelength shift is examined. For a waveg­
uide height of 220 nm and operating wavelength of 1550 nm, in the narrow range 
of waveguide widths around 305±10 nm TDWS is equal to less than 10 pm /K  and 
second order effects appear at certain temperatures providing a parabolic resonant 
wavelength shift. As waveguide height decreases (~210 nm), the mode conflnement 
in the silicon core also decreases, and the athermal zone shifts to higher waveguide 
widths (~325 nm). For a given waveguide geometry and operating wavelength, 
parabolic curves shift to lower temperatures as waveguide width increases. Race­
track resonators with different radius R={30, 40} pm and coupling gap G={280, 
300} nm were simulated to find optimum values of coupling lengths at which maxi­
mum coupling efficiency occurs.
The design rules that satisfy both single mode and polarisation independent op­
eration for SOI rib waveguides tha t can flnd application in the mid-infrared wave­
length region are presented. Waveguides with different geometries, such as height, 
rib width, etch depth, cladding stress level, sidewall angle and top oxide cover thick­
ness are examined at a wavelength of 3.39 pm. Experimental results for the upper 
cladding stress level are used as a target stress values in the simulation analysis. 
The design rules for both single mode and zero-birefringent conditions are provided 
for different waveguide heights above 2 pm. A 1x2 MMI splitter and racetrack res­
onators based on submicron 500 nm SOI strip waveguides are also reported. Simula­
tion results for submicron strip waveguides and devices are provided at wavelengths 
longer than 3.7 pm. Devices are based on waveguide widths W ={1.0, 1.2} pm 
which satisfy the single mode condition. Different widths of MMI, W g{7.5, 8.0, 
8.5} pm, are simulated for different MMI lengths and channel separations to max­
imise the output power at a wavelength of 3.74 pm. For MMI width of 8 pm and 
channel separation of 4 pm, optimum MMI length is found to be around 22 pm, 
and as wavelength decreases (~3.39 pm) it shifts to higher values (~26 pm). Race­
track resonators with the radius R=100 pm and different coupling gaps G g{1.1, 1.2, 
1.3} pm are simulated to flnd the optimum value of coupling length (<100 pm) and 
maximise racetrack resonator coupling efficiency.
The results obtained from modeling served as a base for making a mask de­
sign in order to fabricate and characterise the test chips at near and mid-infrared 
wavelengths.
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D evice fabrication
This chapter outlines and discusses important fabrication techniques tha t were used 
in this work. Major fabrication techniques used for SOI wafer fabrication are de­
scribed in the first section. The second section gives an overview of patterning 
technologies for silicon photonics with a special focus on optical lithography. The 
third chapter describes anisotropic dry etching, whilst silicon oxidation and depo­
sition techniques are discussed in the fourth section. The detailed mask design for 
both NIR and MIR devices is presented in the fifth section, and fabrication methods 
are described in the sixth section. Finally, the concluding remarks are given.
4.1 SOI wafer fabrication
This section describes the five basic approaches to the fabrication of commercial 
SOI wafers: separation by implanted oxygen, bond and etch-back SOI, Smart-Cut, 
NanoCIeave, and epitaxial layer transfer (ELTRAN).
Separation by implanted oxygen process is common method for mass production 
of SOI wafers. It employs a high-dose oxygen ion implantation into plain silicon 
wafers. The implant energy and oxygen dose determine the final thickness and 
depth of the buried Si02 layer. In order to achieve a silicon dioxide thickness of 
around 500 nm with a crystalline silicon overlayer of 300 nm, an oxygen dose of 
around 10^  ^ cm~^ with energy up to 200 keV is required. That dose is more than 
one hundred times higher than a typical implant dose utilized in device processing, 
which makes SIMOX process expensive and time consuming; therefore impractical 
when a thick (>1 jum) layer of buried oxide has to be formed to reduce the substrate 
leakage loss and provide better light confinement. A high temperature annealing step 
at approximately 1300 °C [76] is usually performed to allow the implanted oxygen
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atoms to migrate and combine with silicon atoms to form a buried Si0 2  layer of 
uniform thickness. This ensures tha t the silicon overlayer is free of implantation 
induced defects. The buried Si02 layer and the silicon core cannot usually be made 
thicker than 500 nm. Limited achievable core thickness, high wafer cost and long 
processing time are the main disadvantages of the SIMOX approach for most optical 
applications.
Proposed in the early 1970’s, bond and etch-back SOI technique represented an 
alternative method for SOI wafers fabrication. This process consists of bonding the 
two oxidized silicon wafers (one is a device quality ” donor wafer” and another is a 
’’handle wafer”), forming a sandwiched oxide layer in between the two silicon wafers. 
The two wafers are initially brought into contact at room temperature, followed by 
a thermal annealing at temperatures as high as 1100 °C [76]. Etching and chemical 
mechanical polishing (CMP) were employed in the final step to produce a thin, 
device-quality layer of single crystal silicon overlayer on top of the oxide layer (the 
buried oxide) of the ”handle wafer” . The silicon overlayer thickness of the BESOI 
wafers is limited to a minimum of around 2 fim [76] due to technical challenges in 
removing excess silicon during the last wafer thinning process. Besides the concern 
of the surface uniformity of the overlayer surface, wafer waste is another problem of 
this approach.
Smart Cut, NanoCIeave, and ELTRAN are other three methods for the fabrica­
tion of SOI wafers. The Unibond SOI Smart Cut process method was proposed by 
M. Bruel from LETI, France in 1991. Together with NanoCIeave technique, this 
process adopts steps from the SIMOX and BESOI methods. They both employ 
a high-dose hydrogen ion implantation, and form a weakened silicon layer in the 
thermally oxidized seed silicon wafer (usually called the ”donor wafer” ). The im­
plantation dosage of the hydrogen ion is typically higher than 5x10^® cm“ ,^ and the 
distance from the wafer surface to the peak of the implantation profile is usually 
between 5 nm and 1.5 fim [76]. As in a BESOI process, the donor wafer is bonded 
to a handling wafer after which a special cleaving technique is used to split the 
donor wafer along the weakened ion penetration region (Fig. 4.1). The Smart Cut 
technique involves a two-phase thermal treatm ent to split the wafer. Implanted hy­
drogen ions, produces fine microcavities in the silicon lattice and when the wafer 
is heated up to 400-500 °C, molecular hydrogen forms in the cavities leading the 
pressure to build up to a point of fracture. This allows the wafer to split along the 
hydrogen implanted plane, thus forming a thin top crystalline silicon layer. Polish­
ing is required to remove micro-roughness on the overlayer surface. In contrast, the
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Figure 4.1: Smart cut process.
NanoCIeave uses a gas pressured controlled cleaving process, and no post-cleaving 
CMP is needed. The smart cut process flow is illustrated in Fig. 4.1.
The ELTRAN method is similar process to the previous two. Instead of using 
ion implantation to form the weakened splitting layer, this method employs a layer 
of porous silicon below the surface of the ” donor wafer” , which is formed by anodic 
etching and annealing. The SmartCut, NanoCIeave, and ELTRAN methods share 
one significant efficiency: the split ” donor wafer” can be recycled for future use.
The SmartCut technique has gained more popularity than other fabrication tech­
niques due to its flexibility, high quality and efficient use of silicon, with relatively 
low cost. Although a high dose implantation is involved in forming the thin sili­
con overlayer, the small mass of the hydrogen ions leaves negligible damage after 
subsequent thermal processing. Described fabrication methods can produce silicon 
overlayer thickness up to 1.5-2.0 /im. In order to achieve thicker ovcrlayer, it is 
possible to use the silicon ovcrlayer as a seed layer for subsequent ep itax ia l growth 
[76]. The term ”epitaxial growth” means that the silicon atoms in the ovcrlayer arc 
deposited  with a matching crystalline structure of the seed layer. Chemical vapor
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deposition (CVD) is a standard technique for epitaxial growth, where a gas mix­
ture (such as SiHCls and SiH2Cl2) is decomposed at the wafer surface at a high 
temperature (>1000 °C) [76].
4.2 P attern ing  technologies for silicon photonics
There are several patterning techniques tha t can be used for fabrication of silicon 
photonics circuits. In general, they can be classified in the two main categories, the 
direct and inderect methods. In an indirect patterning process, the cireuit pattern 
is first transferred into an intermediate material (photoresist) and then transferred 
into a desired material by using an etch process. In a direet patterning process, 
the pattern is directly defined in the material. These two methods can be further 
classified as writing and printing techniques (Fig. 4.2). In this section an overview 
of different patterning technology techniques used in this project is given with a 
special focus on optical lithography.
Patterning technology
Direct methods Indirect methods
Writing Printing
techniques techniques
i i
Focused ion beam milling Molding 
Proton beam writing 
Ion implantation 
Laser writing
Writing Printing
techniques techniques
Electron beam Optical Imprint 
lithography lithography lithography
Figure 4.2: Patterning technology classification [191-197].
4.2.1 Focused ion beam  milling
Focused ion milling or focused ion beam (FIB) lithography is one of the most versa­
tile pattern definition techniques [194]. It is a direct write technique and represents 
a physical process of removing material using high energy ions in vacuum. It con­
sists of point-by-point exposures with a narrow ion beam generated by the source 
of liquid metal (typically liquid gallium). Usually 30 KeV gallium ions with a small
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spot (from 5-10 nm to a few /rm) are used to directly write patterns in a semicon­
ductor substrate. Liquid metal ion sources hold extremely high brightness levels 
and a very small energy spread, making them ideal for producing high current den­
sity submicrometer ion beams. Ions chemically react with substrate material and 
modify the surface. Therefore, FIB is also being used for maskless implantation and 
metal patterning. A very small spot size (lower than 10 nm) can be achieved using 
this technique, which is much better comparing to the optical and electron beam 
lithography techniques. Because of its high resolution, FIB is an interesting lithog­
raphy tool for rapid prototyping and design verification of Si devices, for example, 
physically milling a Bragg grating into a rib waveguide [198] or fabrication of slot in 
an existing Si waveguide [199]. The system can also be used for imaging purposes 
when operated at low beam currents. The generated secondary electrons (or ions) 
can be collected to form a surface image of the sample. Furthermore, the system 
can be used for several applications including mask failure analysis and integrated 
circuit repairs. However, it is a very slow process tha t require serially scanned beam 
and high vacuum. The milling process is also inherently destructive, creating lat­
tice disorder and ion contamination in the core material, which may results in high 
absorption loss. Therefore, FIB fabrication technique is mainly used for research 
purposes.
4.2.2 Proton beam  writing
Proton beam writing (PBW) is a relatively new direct write lithography process de­
veloped at the National University of Singapore [200-207]. Similarly to FIB process, 
a focused beam of high energy protons (MeV) is used to pattern resist material. The 
proton dose varies from 30-150 nC/mm^ depending on the resist material (typically 
PMMA or SU-8) and the desired penetration depth. The process allows fabrication 
of sub-10 nm 3D nanostructures with vertical sidewalls and low surface roughness 
[200]. Multilevel structures can also be formed in one layer of resist by adjusting the 
proton beam energy [200]. The mass of protons is a few orders of magnitude higher 
then tha t of the material’s electrons, therefore proton collisions with electrons do 
not lead to a high proton trajectory deviation from a straight-line path. PBW  is also 
relatively fast process; an area of 400x400 consisting of a complex structures 
can be exposed to a depth of 150 /rm within a few seconds [200].
A number of different optical components such as waveguides, gratings, MZIs 
and crystal templates have been fabricated using this technique. Low propagation
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losses of 1.1 dB/cm were measured for silicon waveguides at 1.55 /rm wavelength 
[200]. Recently, the fabrication of buried channel waveguides in Nd:YAG crystal 
was reported together with fabrication of buried microstructures in bulk diamond 
[203]. PBW  technology is still in its infancy and it is expected tha t this technique 
would make a significant contribution towards the future progress in nanotechnology 
development.
4.2.3 Electron beam  lithography
Electron beam lithography (EBL) is a specialized indirect write technique for creat­
ing the extremely fine patterns required by the modern electronics industry demands 
[194]. In this process, a high energy electrons are (10-100 keV) focused into a nar­
row beam exposing the electron sensitive resists. The pattern in the resist is then 
transferred into the desired material using dry etching. The e-beam resist chemistry 
is very im portant and is under constant development for advanced microelectronic 
device demonstrations. A typical resists used in EBL are PMMA, methyl acrylate 
resins (ZEP series), and hydrogen silsesquioxane (HSQ). Microposit SAL601 is also 
used as a negative resist due to its high etching resistance comparing to PMMA 
[194]. There are two different ways to perform the scan, the raster and the vector 
systems. In the raster scanning mode, the electron beam is moving back and forth 
over the entire wafer and is blanked off where no exposure is required. On the con­
trary, in the vector scanning mode, the beam is scanning selected areas only. After 
the scanning of the selected area is completed, the beam is turned off and moved to 
another area to be scanned. The vector scan mode is therefore more time efficient 
compared to the raster scan mode.
This method provides several advantages such as precise control of energy de­
livered to photoresist, fine resolution, large depth of focus because of continuing 
focusing over varying topography (30 KeV electrons penetrate on average 14 //m 
deep in PMMA) and low defect densities. It is also a maskless process, however, 
there are also some disadvantages. The apparatus is more complex than those for 
the standard optical lithography because the electrons (charged particles) have to 
be kept in vacuum. Therefore, the system has high cost. Due to quick electron 
scattering in solids, the resolution is limited for dimensions going below 10 nm. Fur­
thermore, EBL is a slow process since a single electron beam is scanned over the 
wafer surface, which results in low throughput. Stitching (alligment errors) may also
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appear in the final pattern, therefore, EBL is not yet considered as a mainstream 
manufacturing tool for integrated circuits [194].
4.2.4 Optical lithography
Optical lithography (often called photolithography) is the most widely used pat­
terning technology. The photomask generation represents the starting point of the 
fabrication process. It consists of optical or e-beam processes resulting in a gener­
ation of a glass plate with a thin (~100 nm) chromium layer on top which defines 
the desired pattern. After the photomask is produced, photolithography process 
proceeds in the following steps: spin-coating the wafer with photoresist, soft bake, 
mask alignment, wafer exposure, resist development and hard bake [191-197].
A photoresist (often referred to just as resist) is a polymeric photosensitive ma­
terial which can be spun onto the wafer in a liquid form. An adhesion promoter, 
hexamethyldisilizane (HMDS), is typically used prior to photoresist coating. Resist 
has two principal properties. Firstly, it changes in solubility after exposure to ap­
propriate radiation. Secondly, it will resist attack by an etchant capable of removing 
the underlaying material. Two different kinds of photoresist are available, positive 
and negative photoresist. In the positive photoresist, exposed areas will be removed 
after the development stage, whereas, in the negative photoresist, exposed areas will 
remain intact. The positive photoresist provides better process control in fabrica­
tion of small geometries and it is commonly used in VLSI technology; therefore, it 
was also used in this work. The resist thickness is also very im portant for the dry 
etching process. It is usually between 0.5-2.5 /rm and depends on the resist viscosity 
and spin speed. After spinning the photoresist onto the wafer, the wafer is soft 
baked in order to remove the solvents from the resist and to improve the adhesion. 
Subsequently, the mask is aligned and the resist is exposed to appropriate radiation. 
The photoresist is then developed and subsequently, hard baked in order to improve 
adhesion even further. This concludes the photolithography and the wafer is ready 
for etching.
Techniques in optical lithography
Depending on the separation between the mask and the wafer, optical lithography 
can be classified into three categories: contact, proximity and projection lithography 
(Fig. 4.3).
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Figure 4.3; A schematic of (a) contact (Gap=0) and proximity (Gap>0), and (b) 
projection optical lithography [191].
The contact lithography is the oldest but still widely used technique. It gives 
better resolution than proximity technique, however, a constant contact between the 
mask and the photoresist results in mask defects and reduced process yield. There­
fore, a proximity technique is often used having a small gap of 5-10 /xm between the 
mask and the wafer (Fig. 4.3(a)). In this mode, the Fresnel diffraction from the pho­
tomask is used for patterning. Proximity lithography traditionally relied on 365 nm 
(i-line) and 436 nm (g-line) w avelengths for illumination. These w avelengths are 
the distinct w avelengths of a mercury vapour lamp. Although reasonable resolution 
can be achieved with contact and proximity lithography, both require a hat surface. 
Therefore, th ey  are widely used for low resolution postfabrication processes, such as 
etching of windows for under etching and resistive heaters.
Projection lithography is the most popular high volume manufacturing technique 
tha t can yield superior resolutions comparing to the contact and proximity methods. 
This process uses a dual lens optical system  to project the mask pattern onto the 
wafer (Fig. 4.3(b)). The main advantage of a projection system is tha t the mask can 
be reused without damage. Furthermore, the mask image can be 4-5 times larger 
than the actual pattern, which reduces mask fabrication complexity and defects. 
Since only one die can be exposed at a time, a special stepper (’’step and repeat” ) 
or scanner (’’step and scan”) systems are required to completely cover the wafer 
area.
In the stepper system only a portion of the wafer is exposed  with the full mask
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field (26x33 mm^). After each exposure, the wafer is moved and the operation is 
repeated until the total wafer area has been exposed. Since the whole mask field 
is exposed, the effect of lens aberration and exposure energy (dose) variations are 
limited by the quality of the optics. The scanner system uses a slit is to scan the 
mask exposing only a part of the mask field. In this system, the mask and wafer 
move synchronically until the entire mask has been projected onto the wafer. This 
technique allows the image field width to increase for a given lens size and reduces 
the lens aberration and dose non-uniformity. Both systems are highly reliable and 
are still used in some production fines for manufacturing and research purposes.
Line resolution
The resolution and the depth of focus represent the key metrics in optical lithogra­
phy. The resolution is the ability of an optical system to distinguish between nearby 
features (minimum feature size), while the depth of focus is a tolerance with which 
the surface of the wafer must be positioned (the distance between the image plane 
and the wafer plane). Both quantities are directly proportional to the patterning 
wavelength A, and inversely proportional to the NA (~  A/NA) and the square of NA 
(~  A/NA^), respectively. Therefore, the required resolution highly depends on the 
exposure source used in optical lithography. High pressure mercury lamp is typically 
used (436 nm g-line and 365 nm i-line) for line widths above 250 nm. However, to 
achieve higher fine resolution, deep UV (DUV) sources, such as excimer lasers, are 
required. Excimer lasers are pulse gas discharge lasers, which produces light out­
put in the UV part of the spectrum. Table 4.1 lists commonly used excimer laser 
sources.
Table 4.1: Excimer lasers and their relative power [191].
W avelength [nm] Active gases Relative power
157 Molecular fluorine (F2) 10
193 Argon fluoride (ArF) 60
248 Krypton fluoride (KrF) 100
308 Xenon chloride (XeCl) 50
351 Xenon fluoride (XeF) 45
The development of DUV 248 nm and 193 nm patterning technologies was a 
huge step towards further miniaturization of integrated circuits. An introduction of 
157 nm laser (and Ar2 126 nm laser) was expected to contribute to further reduction
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in size and enable higher device compactness. However, 157 nm technology couldn’t 
be developed since there were three critical technology issues: material for making 
optical lenses, transparent and radiation durable pellicle for mask and photoresist 
[191]. The lens material for 248 nm and 193 nm (fused silica) is unsuitable due to 
a very high absorption at 157 nm wavelength. Calcium fluoride (CaF) can provide 
better transmission at 157 nm, however, birefringence occurs due to a crystalline 
nature of CaF. This causes ray bifurcation at each lens and phase-front distortion 
which is highly undesirable in optical lithography and manifest itself in a blurring 
image and poor line resolution. The high absorption at 157 nm wavelength has also 
prevented the use of a mask pellicle which is a thin film stretched on a frame tha t 
prevents particle contamination on a mask surface. Similarly, photoresists developed 
for 193 nm and 248 nm lithography are too absorptive at 157 nm.
Liquid-immersion lithography achieved higher patterning resolutions not by re­
ducing the patterning wavelength, but by increasing the numerical aperture through 
the use of immersion liquids [208]. A liquid is added between the photoresist and 
the last optical element to provide the coupling of incident beams tha t propagate 
at steep angles and tha t would otherwise be reflected thus increasing the numerical 
aperture. Deionized water is used as an immersion liquid due to a low absorption 
coefficient of 0.036 cm“  ^ [208]. The immersion liquid may also interact with the 
photoresist leading to its performance degradation, therefore, a careful choice of the 
photoresist is necessary. Using this technique, a 45 nm features (DRAM half-pitch) 
were achieved.
The semiconductor industry went to much shorter wavelength which is the ex­
treme ultraviolet (EUV) at 13 nm. Features sizes of 32 nm and below have been 
achieved using this technology (Table 4.2). According to the International Technol­
R eso lu tio n 7000 -  1000 1000 -  350 350 -  180 180 -  32 <  32
[nm]
W aveleng th 436 365 248 193 13
[nm] {g — line) (% -  (me) (DUV) (DUV) (EUV)
ogy Roadmap for Semiconductors [209], it is expected tha t 22 and 16 nm features 
will become achievable in 2016 and 2019, respectively. This will be pursued using 
the next generation lithography techniques such as EUV lithography. X-ray (1 nm)
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lithography, charged particle beam lithography based on electrons and ions and 
imprint lithography.
4.3 R eactive ion etch ing
Reactive ion etching (RIE) is the most widely used technique for semiconductor 
fabrication [191, 210-212]. It takes place in plasma and involves both physical and 
chemical processes. The etching has two basic requirements, the generation of ions 
and then imparting the ions with momentum to direct them at their target. Once 
the ions reach their target, they can either mechanically or chemically remove atoms 
from the substrate. Since there are no wet chemicals involved the other name for 
RIE is dry etching.
General description of etching
The plasma can be defined as partially ionized gasses and is also well known as the 
fourth state of m atter. It is created and sustained using an energy input, typically 
using an external electric field created by a voltage source. The process takes place 
in the cylindrical vacuum chamber separated by cathode and an anode which is 
usually grounded electrode. Initially, the specific gas molecules are injected into the 
chamber and the ionization process occurs (it is initiated by a few free electrons). 
Ionized electrons are much faster than ions, they are accelerated by the external 
electric field providing further ionization of gas molecules. Ionized molecules and 
electrons also create an electric field different than the external electric field. Increase 
in the voltage provides an increase in ions created by a multiplication process until 
breakdown occurs. This event is known as the Townsend Discharge or Townsend 
avalanche. High energy ions hit the wafer surface located on the cathode electrode 
and physically etch the desired material.
The RIE systems generally contain capacitive coupled plasmas (CCP), however 
inductively coupled plasmas (ICPs) or some combination thereof are also used. In 
both CCP and ICP processes, energy is typically supplied as a radio frequency (RE) 
voltage (13.56 MHz) between an anode and a cathode plate. In this time-varying 
electric field, injected gas molecules are ionized by electrons more efficiently than in a 
static field. The reason for efficiency improvement is due to the difference in masses 
between the electrons and the ions in the plasma oscillating between the anode and 
the cathode plates. Massive ions can’t track the rapidly oscillating electric field 
charges. A capacitor is usually placed between the RF supply and the cathode plate
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to increase and accumulate negative charge on the plate which results in creating the 
potential difference between the charge neutral plasma and the negatively charged 
plate, called self-bias voltage. The self-bias voltage creates an electric field which 
drives the positive ions in plasma towards the negatively charged plate.
The ICP systems are very similar to the RIE ones. A time-varying RF source 
is again used for excitation, but is instead delivered inductively, via a coil wrapped 
around the RIE plasma discharge region (typically 4 to 5 turn  of copper coil). The 
changing magnetic field induces an electric field in the plane parallel to the an­
ode/cathode electrode plates. The second RF power source is connected to the 
sample to enhance the generation of plasma. Induced electromagnetic field by the 
first RF source tends to keep electrons circling in a plane parallel to the plates for 
a long time at a low chamber pressure thus increasing the ionization.
The impedance matching for the optimisation process of maximising the power 
delivered from the RF power supply to the plasma is very important. For maximum 
power transfer from the RF supply to the plasma, the impedance of the load should 
be the same as the supply. However, the plasma impedance varies depending on the 
injected gas molecules, chamber pressure, etching system and forward RF power. 
The plasma transitions also influences the matching condition, therefore, a network 
of reactive elements are used to tune the impedance, typically two capacitors. This 
represents the basic of the RIE etching.
Etching process
Reactive ion etching is a very popular choice for etching silicon. There are several 
possibilities for etching gasses; however, each choice has its own advantages and 
drawbacks.
Fluorine, chlorine and bromine are usually used to etch silicon. The choice of 
particular etching strongly depends on particular application. Fluorine atoms react 
spontaneously with Si and induce isotropic etching and can cause undercutting below 
the mask. Chlorine and bromine etching is anisotropic, however, the etch rates 
and selectivity is an order of magnitude lower comparing to fluorine based etching; 
therefore, fluorine was used in this study.
In conventional RIE systems the electric field between the plates accelerates ions 
toward the sample surface providing the physical sputtering. However, the dominant 
etching is caused by chemical reaction. Three basic etching mechanisms for the Si 
exist under this chemistry [191, 192] (Fig. 4.4):
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Figure 4.4: Schematic of RIE etching: (a) ion sputtering, (b) reactive etching, (c) 
radical formation, and (d) radical etching [191].
1. F+ ions sputter the substrate surface and rem ove Si atoms as purely physical 
etching. Ion sputtering also removes any hydrocarbon contaminants providing 
fresh substrate surface for adhesion of gas molecules (Fig. 4.4(a)).
2. F+ ions reach the substrate, chemically combine with the Si to form a volatile 
S1F4 and are pumped out (chemical etching. Fig. 4.4(b)).
3. F+ ions react with the absorbed gas molecules on the surface of the sub­
strate forming free radicals. The radicals react with Si atom s to form volatile 
compounds that are pumped out without redeposition (ion assisted  etching. 
Fig. 4 .4 (c ) ,(d )) .
In flu e n c e  o f  d ifferen t p a ra m e ter s
Reactive ion etching is a very complex process. There are several im portant param­
eters that influence the sample quality: flow rate of reactive gas, RF power level, 
chamber pressure, substrate temperature, and gas additives.
The etching rate is usually directly proportional the flow rate of reactive gases, 
however, high flow rate at a constant pressure can lead to  a short dwell time of the gas  
molecules producing decrease in the etch rate. Increase in RF power will increase the 
etch rate due to higher ionization process. The anisotropy will also be improved since 
the ion sputtering is highly vertical, but the etch selectiv ity  will be reduced. The
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etching normally takes place at low pressure condition (~mTorr) and the gas density 
is low in the chamber. In this case mean free path of electrons becomes longer. 
The electrons receive more acceleration energy between to collisions, thus increasing 
ionization. However, too low pressure is not desirable because plasma can not be 
created and sustained. At high pressure, the number of chemically active ions is large 
and etching is dominated by chemical reactions. High substrate tem perature can be 
used to stimulate chemical reaction and provide products removal from the surface 
of the substrate; however, masking material (photoresist) can be soften leading to 
lower selectivity and pattern distortion. Gas additives are often used to enhance the 
etching. Generally, the etching process should be carefully characterised in terms of 
selectivity, anisotropy and etch rates varying all the parameters.
IC P  con fig u ra tio n
Reactive ion etching is usually used for lower etch rates compared to the IGP system 
[212]. In an ICP system plasma generation is separated from the etching chamber. 
RF power is delivered inductively, via a coil wrapped around the RIE plasma dis­
charge region. The sample stage is connected to a second RF power source tha t 
enhances production of plasma and the self-biasing voltage can be independently 
controlled. Therefore ICP can produce high plasma density (>5x10^^ cm“ )^ com­
pared to the RIE (10^—10^° cm“ )^ maintaining the low bombardment energy. To 
ensure high anisotropy, the gas switching process-Bosch process is used (Fig. 4.5).
The Bosch etch process involves cycling short etching and passivation steps to 
produce a vertical sidewall. During the etching cycle silicon is removed mainly 
in the downward direction but with some lateral erosion. During the passivation 
cycle a thin polymer layer is deposited onto the surface which prevents the silicon 
from etching. In the next etching cycle, the reactive ions which are mainly directed 
towards and normal to the sample surface, remove the polymer at the bottom  of the 
etched trenches much more quickly than the polymer on the side walls and therefore 
the etching will proceed in the downward direction with little or no undercutting of 
the mask.
4.4 Silicon oxidation  and d eposition  techniques
In order to have an oxide film on top of a silicon device, silicon oxidation techniques 
and chemical vapor deposition techniques can be used. This section will describe 
silicon oxidation and give an overview of GVD techniques.
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Passivation o f  
etched surface
Rem oval o f  bottom  
passivation layer
Etched profile
Passivated sidewall
Figure 4.5: Schematic of Bosch process.
Silicon oxidation is the process used to obtain a thin Si02 him on top of a 
silicon device which has a low defect density and excellent thickness uniformity. 
Thermal oxidation is typically performed in the 900-1200 °C temperature range, in 
the presence of O2 (dry oxidation, Eq. 4.1) or H2O (wet oxidation, Eq. 4.2). The 
following reactions describe the oxide formation [193]:
Si {solid) o 2{gas) 2 (solid) (4.1)
Si(solid) T 27^2O ^  ^^^2{solid) T ‘^^2{gas) • (4.2)
The wet oxidation is the preferred method when growing thick oxides, due to the 
higher growth rate, however, it is achieved at the expense of lower oxide quality 
(density). The oxidation of silicon also occurs at a room temperature (native oxide). 
This oxide is very thin but enough to passivate the surface and prevent further 
oxidation. In order to achieve thicker oxide, an oxidation furnace may be used. 
Despite the high quality of thermal oxide, this process is often limited to the early 
stages of fabrication due to high temperatures involved.
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The CVD techniques are used for oxide deposition and the most common are 
the low pressure CVD (LPCVD) and the plasma enhanced CVD. They both repre­
sent a chemical process tha t involves several volatile gases which decompose on the 
substrate to produce high purity films.
The LPCVD process requires low pressures (0.1-1.0 Torr) to reduce unwanted 
gas-phase reactions and to improve film uniformity across the wafer. It is typically 
carried out in electrically heated tubes. Silicon compounds such as SiCU, SiBr4 , 
SiH2Cl2 and tetraethoxysilane (TEGS, Si(OC2H5)4) are often used whilst the oxidant 
may be NO, N2O, or CO2 with hydrogen. Perhaps the most common process is the 
oxidation of silane (Eq. 4.3) which is typically carried out at 300-500 °C [193].
-{- O2 — > Si02  T  2/^2 (4.3)
It is also used for nitride deposition (at 700-900 °C) and polysilicon (at 900 °C). 
LPCVD provides a lower oxide quality than thermal oxides, however, it requires 
lower processing temperatures.
The PECVD process is performed in plasma, similarly to RIE. It uses RF source 
to create highly reactive species allowing low temperatures to be used at the sub­
strate (around 150-300 °C). The oxidation using silane produces nearly hydrogen 
free oxide films with good uniformity. The issue with this technique is tha t the 
high density plasma can cause sputtering of the deposited molecules, damaging the 
silicon interface. Typical materials deposited using this technique are silicon oxide, 
nitride and amorphous silicon.
4.5 D esign  o f test chips
The information from the modelling of silicon photonic devices (Chapter 3) was 
utilised to design the test chips. To target the required performance and minimise 
the influence of fabrication and modelling tolerances, geometry variations of the 
same device are applied. Two software tools have been used for the design purposes. 
L-Edit [213] was used as the main program for creating the design files (.gds files) 
which were submitted to for mask fabrication. RSoft design was used for making 
the design patterns which were hardly possible to realise in L-Edit. The files were 
exported from RSoft in a form of .gds files and then combined with other parts of 
the device design in L-Edit. In this chapter, the mask designs for both NIR and 
MIR devices are described.
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4.5.1 Near-infrared devices
The mask design for temperature insensitive racetrack resonators based on submi­
cron SOI strip waveguides is shown in Fig. 4.6. SOI strip waveguides with a height 
of 220 nm, a BOX layer of 2 /im, and different waveguide widths of W g {300, 330, 
350} nm were chosen, aiming for an athcrmal design. Therefore, the mask design 
consists of three different parts that correspond to different waveguide widths. Each 
part consists of the propagation and insertion loss sections and the racetrack res­
onators sections. There are four different cells for each racetrack resonator section 
and each section corresponds to a different coupling length.
Figure 4.7 shows the schematic of the racetrack resonator design. The input 
and output grating couplers have been used to couple the light in and collect the 
light out of the waveguide using an out of plane measurement setup described in 
the following chapter. For each waveguide width, racetrack resonators with different 
racetrack radii of Rg{10, 20, 30, 40} /.^ m, coupling lengths of CLg{9, 10, 11, 12} /rm 
for W=300 nm, CLg{4, 6, 8, 10} fim for W=330 nm, CLg{10, 13, 16, 19} fim for 
W=350 nm, and cdge-to edge spacings of Ge{280, 300} nm have been designed 
(F ig. 4 .7).
The waveguide is tapered from a 10 ^m wide waveguide, where the grating 
coupler is located, to a 3 ^m wide clcavable area (for butt coupling capability).
=  In se r tio n  lo ss  se c tio nP ro p a g a tio n  lo ss  se c tio n
W = 3 0 0  n m , C L = 9  p m W = 3 0 0  n m , C L = 1 1 u m
W = 3 0 0  n m , C L = 1 0  p m W = 3 0 0  n m , C L = 1 2  p m
P ro n a e a tio n  lo ss  se c tio n In se r tio n  lo ss  se c tio n
W = 3 3 0  n m , C L = 4  p m W = 3 3 0  n m , C L = 8  p m
W = 3 3 0  n m , C L = 6  p m W = 3 3 0  n m , C L = 1 0  p m
=  In se r tio n  lo ss  se c tio nP ro p a g a tio n  lo ss  se c tio n
W = 3 5 0  n m , C L = 1 0  p m W = 3 5 0  n m , C L = 1 6  p m
W = 3 5 0  n m , C L = 1 3  p m W = 3 5 0  n m , C L = 1 9  p m
223 p m
7 .65  m m  x 3 .63  m m
8 .00  m m  x 3 .83  m m
Figure 4.6: General view of the SOI strip racetrack resonators mask design.
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Figure 4.7: Schematic of the SOI strip racetrack resonator design: (a) top view, and 
(b) cross section view.
and then tapered again to the required w aveguide width (W) where the resonator is 
located. The design rule for the waveguide grating and tapering is shown in Fig. 4.8.
A grating coupler optimised for TE polarisation was used at the input/output of 
the waveguide to provide efficient coupling of light from /to the single-mode optical 
fibers used for testing (Fig. 4.9). A grating period of 630 nm (with 315 nm separa­
tion) have been designed aiming for shallow etch (70 nm) fabrication step. Gratings 
were spaced between 25-80 fim. At the each end of the grating coupler, there is a 
97 pm long taper used to reduce the back reflection of light (Fig. 4.9(a)). The outer 
area of the chip (Fig. 4.6) was used for the alignment marks.
The propagation and insertion loss section is shown in Fig. 4.10. Different 
straight waveguide lengths of Lg{0.5, 1.5, 2.5, 3.5, 4.5} mm have been  chosen to 
calculate the propagation losses. It is also worth to mention tha t in the each race­
track resonator section a 1 mm straight waveguide have been placed on the mask. 
It will serve to normalise the output power of the racetrack resonator.
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G r a t in g  c o u p le r  
( s e p a r a te  f a b r ic a t io n  s te p ) 10 p m
2 5 - 8 0  u m
3 0 0  u m
5 0  p m  3 5 0  p m  6 5 0  p m  3 6 0  p m  1 m m  3 6 0  p m  3 5 0  p m  3 5 0  p m  5 0  p m
3 .5 2  m m
Figure 4.8: General view of the SOI strip racetrack resonator design with grating 
couplers.
il Î 11 f] R [i n  n  p  I  fi
25-80 pm
97 pm 50 pm
10 pm
(a)
15.435 pm 
Period=630 nm 
Duty cycle=50%
(b)
Figure 4.9: (a) General view of the mask design for grating couplers, and (b) en­
largement of the grating coupler.
4.5.2 Mid-infrared devices
The mask design for MIR devices is shown in Fig. 4.11. It was used for the char­
acterisation of bending and propagation losses of 2 //,m rib SOI and 600 nm strip 
SOS waveguides at mid-IR wavelengths. The 6 inch mask was fabricated to max­
imise the usage of photolithography equipment available in the University of Surrey
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L=0.5 mm
25 pm L=1.5 mm
25 pm L=2.5 mm
Insertion loss section
25 pm L=3.5 mm
25 pm L=4.5 mm
6.72 mm
Figure 4.10: A schematic of the mask design for propagation and insertion losses.
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Figure 4.11: Die design: (a) picture of 6 inch mask, (b) design of different cells, (c) 
enlargem ent of a cell, (d) enlargement of a cell section , and (c) enlargem ent of a 
bend.
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cleanroom. It consists of 11 different cells, 9 of which have been used for the char­
acterisation of SOI structures and other 2 (cells 4 and 8) for the characterisation of 
SOS structures.
The dimensions of each cell are shown in Fig. 4.11. Cells 1-3 are designed for 
1.1 fim etch with the waveguide widths equal to 2.1, 2.0, 1.9 /rm. Cells 5-7 are 
designed for 1.2 pm etch with the waveguide widths equal to 1.7, 1.9 and 1.8 pm, 
while the cells 9-11 are designed for 1.3 pm etch and the waveguide widths of 1.5, 
1.6 and 1.7 pm. Cells 4 and 8 are designed for the SOS waveguides characterisation 
with the 0.6 pm etch depth and waveguide widths of 1.3, 1.2 and 1.1 pm (cell 4), 
and 1.8, 1.7 and 1.6 pm (cell 8), respectively. The straight waveguide separates 
two different mask patterns on each cell, and the distance separation between the 
adjacent patterns is equal to 100 pm. The etch distance from each side of the 
waveguide is 10 pm (etch area is marked with the blue pattern in Fig. 4.11).
Each cell consists of two parts, the section for propagation loss (PL) measure­
ments and the section for bending loss (BE) measurements. The PL section consists 
of six waveguides with 4 mm difference in length, therefore, multiple polishing can 
be avoided and the PL measurements can be performed in one run. The bending 
radius is equal for all waveguides in the PL section, 200 pm (SOI) and 40 pm  (SOS). 
Those bend radii were well in excess of the minimum bend radius of 100 pm  (SOI) 
and 10 pm (SOS) calculated by the EMM method which was used to simulate radi­
ation losses. The BL section consists of five different bend pairs. Each pair has the 
same bending radius with equal optical path lengths but different number of bends 
(24 and 4 ninety degree bends), whilst different pairs have different bend radii. The 
bend radii for BL section are equal to: 10, 3, 6, 4, 5 pm (cells 4 and 8), 110, 70, 
100, 80, 90 pm (cells 1-3), 100, 50, 80, 60, 70 pm (cells 5-7) and 100, 30, 70, 40 and 
50 pm (cells 9-11). Additionally, for all structures, 10 pm wide tapers (and 1 mm 
long) were positioned at the input and output to increase the coupling efffciency to 
the optical fibres.
Mask design for MIR strip waveguides and devices consists of different sections 
for propagation and bend losses, racetrack resonators and MMIs. All waveguides 
are terminated on both ends with 1 mm long and 10 pm wide tapers to increase the 
coupling efficiency to/from  the optical fibres. Propagation and bend loss sections 
design is similar to those explained in Fig. 4.11(c) for the rib waveguides, and they 
are used for the characterisation of propagation and bending losses of 500 nm strip 
SOI waveguides at MIR wavelegths. Strip waveguide widths are equal to W g {1.0, 
1.2} pm, whilst a radius R=100 pm was incorporated into devices to minimise the
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bend losses. The bend radii for bend loss section are equal to: 100, 60, 30, 15, and 
10 pm.
Figure 4.12 shows a general design of MIR racetrack resonator section. Waveg­
uide widths of W g {1.0, 1.2} pm were incorporated in the design, whilst racetrack 
radius was kept constant (R—100 pm). For each racetrack coupling gaps G g {1.0, 
1.2} pm, a number of different coupling lengths was incorporated in the design. 
Coupling lengths CLg{20, 35, 50, 65, 80, 100, 120, 150, 180, 220, 260, 300} pm 
were designed for coupling gap G=1.2 pm, whilst CLg{5, 10, 15, 20, 30, 40, 50, 
70, 90, 120, 150, 180} pm were used for coupling gap G=1 pm. The waveguide 
separation was equal to 230 pm.
R=100 |im O CL=20 pm
CD CL=35 fim
C D CL=50 gm
230 gm  (  ^ CL=65 gm
C CL=80 gm
3  CL=100 gm
C 3  CL=120 gm
3  CL=150 gm
C 3  CL=180 gm
0.6 mm
Figure 4.12: General view of the MIR racetrack resonator mask design.
Figure 4.13 shows a schematic of a MMI section. The width of the MMI region 
was chosen to be 8 pm to allow for compactness whilst ensuring tha t the output 
waveguides are sufficiently separated to avoid evanescent coupling between them 
(Fig. 3.19). The 30 pm long and 3 pm wide tapers were designed at the inpu t/ou tpu t 
ports of the MMIs to reduce the loss, whilst the output ports were separated by 
4 pm from the centre of the taper (Fig. 4.13(a)). Different lengths of MMI were 
incorporated into design: L m m i C { 2 0 ,  20.5, 21, 21.5, 22, 22.5, 23, 23.5, 24, 24.5, 25, 
25.5, 26, 26.5, 27} pm. In order to accurately measure the MMI losses, for each MMI 
length a cascaded MMI structures were fabricated (Fig. 4.13(b)) with a different 
number of MMI pairs (Fig. 4.13(c)). A 250 pm separation was used in the design 
of cascaded MMI (Fig. 4.13(b)), whilst waveguide separation was around 50 pm.
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Figure 4.13: General view of the MIR SOI strip MMI die design. A schematic of a: 
(a) 1x2 MMI, (b) cascaded MMI, (c) section with different number of MMIs.
4.6 Fabrication of silicon photonic devices
This section gives an overview of fabrication steps used for both NIR and MIR 
devices. The NIR devices were fabricated at CEA-LETI, France, and partly at 
the University of Surrey, UK, whilst MIR devices were processed at the Univer­
sity of Surrey, UK, National University of Singapore, Singapore, and University of 
Southampton, UK.
4.6.1 Near-infrared devices
Strip waveguides and racetrack resonators were fabricated by 193 nm DUV lithog­
raphy using standard CMOS fabrication technology. Table B .l gives a detailed 
overview of fabrication steps performed at CEA-LETI, France. Device fabrication 
suffers from fabrication tolerances and photolithography alignment error. In order 
to be able to do the reverse engineering of the fabricated device and com pare its 
perform ance to the simulations, it was compulsory to perform critical dimension 
(CD) m easurem ents at each step of the fabrication process (Fig. 4.14).
The standard 8 inch p type SOI wafers provided by Soitcc with 220 nm silicon
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Before etching 
After etching
18 19 20 21 22
Exposure energy [mJ]
Figure 4.14: Critical dimension control of strip waveguide width before and after 
the etching. The target waveguide width of 330 nm has been achieved in a narrow 
range of exposure energies.
overlayer and a 2 /rm BOX have been used. Fiber couplers (FC) were fabricated using 
standard DUV 248 nm lithography techniques. The resist was used as a masking 
layer, the exposure energy was fixed at 28 mJ, and CD control was performed before 
and after the silicon etching [214]. The total silicon height was 154 nm after the 
etching and a very good results for grating coupler have been achieved (Table B.2). 
Waveguides and racetrack resonators were fabricated in a separate fabrication step 
using DUV 193 nm lithography and oxide as a hard mask. Following the resist 
stripping and 81 nm oxide deposition, DUV 193 nm projection optical lithography 
was performed using the stepper system. The exposure energy was varied to achieve 
±30 nm waveguide width variations across the wafer. The CD measurements were 
performed before and after the 220 nm silicon etching step (Fig. 4.14). Finally, 
10 nm thermal oxidation was performed to reduce the waveguide sidewall/surface 
roughness and resist spin coating (4.2 /rm) to protect the surface. The wafer was 
diced into small samples (8x10 mm^) and shipped to the University of Surrey.
Figures 4.15 and 4.16 show the SEM images of fabricated grating couplers and 
racetrack resonators, respectively. Fabricated devices were first characterised at 
the University of Surrey and then spin coated with adhesion promoter ZAP-1020 at 
3000 rpm for 30 s. The sam ples were soft baked at 110  °C for 2 niin, and subse­
quently spin coated with polym er LFR-372 (at 2000 rpm for 30 s). The polymer was 
UV cured (UVA light source, intensity  120 mW/cnU) for 30 s and then post baked
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(a) (b)
Figure 4.15: SEM image of: (a) a grating couplers with tapers, and (b) enlarged 
grating coupler.
(a) (b)
Figure 4.16: SEM image of a SOI: (a) racetrack resonators with different ring radii, 
and (b) racetrack resonator.
(180 °C) for 30 min to cross link the polymer, providing faster processing than com­
monly used methods [130]. The top polymer thickness was measured to be around 
2.3 fim (Fig. B.3).
4.6.2 Mid-infrared devices
The SOI devices have been fabricated using standard CMOS 365 nm contact lithog­
raphy techniques at the University of Surrey cleanroom. Initially, an etch study 
for silicon was conducted to find the silicon etch parameters. In that study, the 
standard silicon wafers were used instead of SOI wafers as a buried oxide layer was 
not required for the confinement of light and as standard silicon wafers are less 
expensive.
Characterisation of processing parameters was undertaken by cleaving the wafers 
into the several smaller (2.5x 2.5 cnF) samples. The samples were prepared by
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cleaning their surfaces. Initially, the nitrogen gun was used to remove particles 
from the surface of the wafer. Then the three step cleaning process (acetone 
isopropanol (IPA) DI water) was conducted. After this treatm ent the samples 
were heated at 110 °C for 2 min to evaporate any solvents. Finally, the ashing 
process was performed to remove organic m atter with an oxygen plasma. After 
cleaning the samples, contact photolithography was performed to transfer the mask 
pattern onto a layer of photoresist. Samples were rotated at 4000 rpm for 30 s by 
using a spinner and a primer (HMDS) was applied. After this, the samples were 
again rotated at 4000 rpm for 30 s by using a spinner and a positive photoresist 
(Microposit S1805) was applied to a thickness of 0.4 fim. A  soft bake was performed 
at 110 °C for 2 min to evaporate solvents and promote resist adhesion. A high 
resolution Quintel mask aligner was then used to expose the photoresist to the mask 
pattern by using UV light at a dose of 56.7 mJ/cm^. The samples were immersed in a 
developer (Microposit MF-319) for 30 s to remove the exposed photoresist and then 
DI water was used to remove the developer, and finally a hardbake was performed 
at 130 °C for 2 min to increase resist adhesion.
The anisotropic dry etch was performed using the silicon reactive ion etcher 
in the ATI cleanroom. This approach significantly reduces the undercutting effect 
comparing to the wet etching process and is usually used for making small features. 
Samples were individually etched using the standard recipes provided by the JLS 
Designs, Ltd. (Table 4.3, recipe 1). Each sample was positioned on an electrode 
connected with an RF power source (this electrode is significantly smaller than the 
grounded electrode) and a large bias voltage was developed between the sample 
and the plasma. The plasma-generated ions were accelerated towards the substrate 
with a direction normal to the surface of the sample. The pressure of 60 mTorr, 
RF power level of 100 W, and the gases flow rates of 26 and 10 seem for SFe 
and O2 , respectively, have been used and no CHF3 was added (Table 4.3). The 
waveguide roughness was relatively high (Fig. 4.17) which was in a good agreement
Table 4.3: Experimental parameters for RIE process.
rec ip e SFe O 2 C H F 3 P re s su re R F  P ow er B ias v o ltag e
[seem] [seem] [seem] [mTorr] [W] [V]
1 26 10 0 60 100 -2 0 0
2 26 10 7 60 100 -180
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Figure 4.17: SEM of fabricated silicon rib waveguide: (a) top view, and (b) cross 
sectional view. Waveguides with a high surface roughness have been fabricated when 
no CHF3 was applied.
with already reported results [210, 211]. In order to improve the waveguide profile, 
a slightly different p rocedure/recip e was used.
The addition of CHF3 to an SF6 /O 2 gas mixtures can be used to improve the 
etch surface quality which results in smooth sidewalls [210]. The etching mechanism 
is as follows: SEg provides the reactive neutral etching species in a form of F atoms; 
O2 supplies the inhibitor etching film forming species that passivate the surface with 
a SiOxFy layer; SFg and CHF3 generate ion species, SF* and CF*, respectively, that 
suppress the formation of the inhibitor film at horizontal surfaces [2 1 0 , 21 1 ].
In order to investigate the anisotropic etching of silicon, several parameters have 
been changed (Table 4.3). Applying the gas pressure of 60 mTorr and CHF3 flow 
rate of 7 seem (Table 4.3, recipe 3) waveguides with a low surface roughness have 
been achieved (Fig. 4.18). This recipe was used to examine the etch rates. Several 
samples were fabricated using the standard lithography and anisotropic RIE etching.
Figure 4.18: SEM of fabricated silicon rib w aveguide using improved RIE etch recipe: 
(a) top view and (b) cross sectional view.
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In order to measure the depth with and without the resist, the samples were cleaved 
into equal parts and one part of each sample was cleaned (standard three step 
cleaning and ashing) to remove the resist from the top surface. The Talystep profiler 
was used to measure the depth with and without the resist (Fig. 4.19). As it can 
be seen consistent experimental results were obtained. The etch rate for silicon was 
372 nm/min, with the photoresist etch of 95 nm/min, providing the selectivity of 
around 4:1 to the resist.
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Figure 4.19: Measured silicon etch depth as a function of etching time. The etching 
was performed using anisotropic RIE.
The design rules for single mode and polarisation independent waveguides have 
been used to fabricate SOI rib waveguides using standard lithography and etching. 
A buried oxide layers of 1 /im and 2 /rm were used, although the later is prefered 
to suppress substrate leakage. Rib waveguides with a height of H=2 /im, width 
of W =2 /im and etch depth of D=1.2 /im were chosen, as their overall dimensions 
ensured efficient coupling from MIR optical fibres since a low power MIR laser was 
used in this work (this is discussed in the following chapter). Waveguide bends have 
been designed with the bend radius varied from 30 to 100 /im. Standard lithography 
and etching were used for waveguide fabrication (Fig. 4.20(a),(b)). The sample facets 
were prepared by a standard procedure of sample polishing with abrasive discs which 
is discussed in the following chapter.
By replacing the oxide with a different cladding, we can potentially obtain struc­
tures that guide at longer MIR wavelengths. Such a cladding can be air, porous
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(a)
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Figure 4.20: SEM image of: (a) different waveguide bends, (b) waveguide bend, (c) 
SOS waveguide facet after cleaving, and (d) improved SOS waveguide facet using 
FIB.
silicon or sapphire. The W xH —2.0x0.6 pm^ SOS strip waveguides have been fab­
ricated using standard lithography and RIE etching. It was very difficult to smooth 
waveguide facets by using standard polishing techniques with abrasive discs due 
to high sapphire hardness. Therefore, the chips were first cleaved, then 100 nm 
of A1 was sputtered on the top of the chip and finally a FIB with the beam cur­
rent of 0.5 nA was used to trim waveguide facets. The A1 was used to suppress 
charge of the dielectric substrate in the FIB and protect the waveguide during ion 
milling. The resulting profile was improved dramatically compared to the cleaving 
(Fig. 4.20(c),(d)) thus facilitating efficient coupling to the SOS waveguides. Finally, 
the A1 was stripped and the chips were cleaned before measurements.
The silicon-on-porous silicon (SiPSi) waveguides have also been fabricated by 
proton beam irradiation at the National University of Singapore (Fig. 4.21). Ion 
irradiation with 250 keV protons and a fluence of about 1x10^^ cm“  ^ have been 
used [201]. After irradiation, the sample was electrochemically etched in a solution 
of HF:water:ethanol with a ratio of 1:1:2 and a two-step etching process was per­
formed. The refractive index of the annealed PSi is found to be about 1.4 from 
fitting the reflectance spectra using the Bruggeman formula [200]. Waveguides can 
be fabricated by direct irradiation of Si without using a photoresist pattern, or by 
using a photoresist pattern with irradiation performed over a large area (Fig. 4.21).
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(b)
Figure 4.21: SEM image of a Si on porous Si waveguide: (a) fabricated by direct 
writing, and (b) fabricated by proton beam irradiation over a large area.
The latter method is preferred. In this study, experimental results for waveguides 
fabricated by both methods have been reported. Relatively large dimensions of 
SiPSi waveguides were chosen as they allow the comparison of the results with pre­
vious measurements reported in [202]. Also, the photolithography process used in 
the large area irradiation of waveguides limits the resolution and size to more than 
2 jim ill lateral dimension. Better resolution and smaller single mode waveguides can 
be achieved when electron beam lithography is employed. More details concerning 
the fabrication are given in [200-202, 215].
The design rules from Chapter 3 have been used to fabricate submicron SOI 
strip waveguides, MMIs and racetrack resonators using e-beam lithography and ICP 
etching. These structures have been fabricated at the University of Southampton. 
Strip waveguides with W x H =  1000 x 500 nm^ were fabricated to ensure single 
mode propagation and efficient coupling from MIR optical fibres (Fig. 4.22(a),(b)), 
whilst a BOX layer of 3 fim was used to suppress substrate leakage. Waveguide 
bends have been designed with the bend radius varied from 10 to 100 fim. The 1x2 
MMI structures and racetrack resonators were built upon SOI strip waveguides. 
The width of the MMI region was chosen to be 8 fim, whilst 30 fjm long and 3 fim 
wide tapers were used at the input/out put ports of the MMIs to reduce the loss 
(Fig. 4.22(c)). Racetrack resonators with a radius R=100 fim, different coupling 
lengths, and edge to edge spacings 0= 1 .2  fim were also fabricated (Fig. 4.22(d)). 
Fabricated devices were oxidised with a 20-30 nm thick thermal oxide to reduce the 
surface roughness. The sample facets were prepared by a standard procedure of 
sample polishing with abrasive discs.
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Figure 4.22: SEM image of: (a) different waveguide bends, (b) waveguide bend, (c) 
MMI device, and (d) racetrack resonator.
4.7 Sum m ary
This chapter gives an overview of fabrication technologies and techniques used in 
this project. Initially, five basic approaches for the fabrication of commercial SOI 
wafers have been presented. The Unibond Smart-Cut technique has gained more 
popularity than other fabrication techniques due to its flexibility, high quality and 
efficient use of silicon with a relatively low cost.
The patterning technology for silicon device fabrication has been described with 
a special focus on optical lithography. Different techniques and systems in opti­
cal lithography have been discussed together with a line resolution requirements. 
Anisotropic dry etching represents an industrial standard for pattern transfer in 
CMOS fabrication, which suits our primary requirement. Ceneral description of 
etching process, the influence of different parameters and different RIE configura­
tions have also been presented. Silicon oxidation and deposition techniques are very 
important. Silicon dioxide is often used to passivate the surface, provide electrical 
isolation and reduce the optical losses of silicon photonics devices.
The mask designs for both NIR and MIR devices are described in detail. The 
NIR devices were fabricated at CEA-LETI, France, using the DUV 248 and 193 nm
1 1 0
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fabrication technology, whilst polymer deposition was performed at the University 
of Surrey. The MIR devices were processed at the University of Surrey, University 
of Southampton and National University of Singapore. Different platforms, such as 
SOI, SOS and SiPSi have been used to investigate the possibility of efficient guiding 
of light at longer wavelengths.
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Chapter 5 
Experim ental results and  
discussion
This chapter discusses the methodology used for measurements and the results ob­
tained from fabricated devices. The first section focuses mainly on the device prepa­
ration techniques and gives detailed description of the near and mid-infrared mea­
surement setup. The second section reports the results for tem perature insensitive 
devices for the near-infrared. The third section presents the results for mid-infrared 
waveguides and devices. The results are discussed and compared to the initial device 
design obtained by numerical simulations. A summary is given in the fourth section.
5.1 E xperim ental m ethodology
This section briefly discusses the device preparation techniques and experimental 
setups used to characterise the fabricated devices. The first subsection describes 
the device preparation techniques, whilst the second and the third subsection give 
detailed description of NIR and MIR experimental setups.
5.1.1 D evice preprocessing
The objective of the surface preparation technique is to produce sufficiently smooth 
facet to facilitate efficient coupling of light to the device. Therefore, the fabricated 
samples were cleaved (or diced/scribed) and polished prior to the characterisation. 
In the next steps the polishing process with abrasive discs will be covered.
Prior to polishing, a layer of crystalbond'^^509 (Buehler 40-8150) clear wax was 
applied to surface of the sample to protect the surface from collecting the polishing
1 1 2
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Clamper
Edges to be 
polished
Polishing plate
Control board
Figure 5.1: Polishing setup used to prepare the end facets of a test chip for testing; 
inset: Sample holder with test chips mounted on each side.
debris. The optical test chips were then bonded to a metal block to allow them to 
be mounted into the polishing setup (Fig. 5.1). After the polishing was complete a 
solvent clean was performed which removed this layer lifting off any collected debris 
and leaving the sample relatively debris free.
Polishing was performed using METASERV® 2000 Grinder/Polisher (Fig. 5.1). 
The polisher was electrically supplied to rotate the wheel at the preset speed. It 
was also attached to a water supply as filtered water was used to lubricate the 
chip surface during polishing. The sample end-facets were polished by lapping with 
abrasive materials by sequentially decreasing grit sizes as indicated in Table 5.1.
The procedure started with the coarsest grit pad, which is a Silicon Carbide 
(SiC) 2400 pad, for ~5 min. The polishing speed of 50 rpm was kept constant for all
Table 5.1: Polishing procedure for a wheel speed of 50 rpm.
Polishing stage Pad Resolution [nm] Time [min]
1 Sff]:#2400 9000 5
2 Sff]:#4000 5000 15
3 /U0 2 1000 40
4 A102 300 50
5 A102 50 50
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polishing steps. The polished facets were regularly checked under the microscope. It 
was essential to clean the facets between steps with w ater/n itrogen  gun using swabs 
to prevent contamination. If the results were satisfactory, an identical procedure 
was applied to the opposite surface. Once this step has been finalised, the film 
was removed and replaced with a finer lapping film, and the whole procedure was 
repeated. The smallest available granule size of the AIO2 film is 50 nm; it was found 
that polishing samples for longer time using this pad (typically 50 min) produced 
sufficiently smooth facet to facilitate efficient coupling of light to the device. Once 
the polishing was completed, the samples and the sample holder were mounted onto 
the base and heated to approximately 120 °C to dislodge the samples from the 
sample holder. Chips were then cleaned with acetone and soaked swabs and were 
ready for characterisation.
SOS and silicon-on-porous silicon waveguides were very difficult to polish using 
standard polishing techniques. As described in the previous chapter, a FIB was used 
to trim SOS waveguide facets due to large sapphire hardness. Silicon-on-porous 
silicon samples were very brittle, therefore, a sample was attached to a holding 
wafer using wax. This resulted in the waveguide immersed inside the wax, and in 
the porous silicon layer being sandwiched between the substrate and wax (Fig. 5.2). 
A holding wafer was attached on the top of wax to ensure that wax did not chip off 
during polishing. When the polishing was completed, wax was easily removed with 
acetone.
Substrate Wax Holding
wafer
O '
Waveguide
Porous silicon 
cladding
Figure 5.2: A cross-section microscopy picture of a waveguide sandwiched between 
the substrate and wax. The wax was protected by adding a holding wafer on top of 
it [200].
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5.1.2 Near-infrared setup
The out of plane coupling setup is shown in Figures 5.3 and 5.4. This setup is mainly 
used for device characterisation at near-IR wavelengths and although is somewhat 
simpler than the mid-IR one, the basic principle is the same.
Tunable laser/ 
DeteetorPC
NIR camera Camera
controller
Screen
NIR
Sample 3-axis 
f \ r t l / \ s t a g e
3-axis 
stage PM NIR 
fibre
Polariser
Polarisation
rotator
Temperature
controller
'iezo-controllers
Figure 5.3: A schematic of experimental setup used for NIR measurements.
The light is guided from the Agilent laser source through the polarisation main­
taining (PM) lensed fiber to the polariser. The polarisation maintaining fibre is used 
to avoid polarisation rotation. At this stage polariser serves as a filter to remove 
all non polarised light. Afterwards, the light is guided through the PM fibre to the 
polarisation rotator. The incoming beam is mainly TM polarised, hence the polar­
isation rotator is located on the beam path to rotate the polarisation to obtain a 
TE polarised beam. The passing light is mainly TE polarised and it is directed via 
the PM fiber onto the test chip. The light is coupled onto the chip using the input 
and output gratings which are made to have polarisation sensitivity and to support 
TE polarisation only. The fibres have to be positioned at an angle of 10 degrees in 
respect to the normal of the chip, to achieve maximum coupling efficiency. In that 
case the fibres can be aligned with a 500 /xin  ^ platform where the grating is located 
at the end of the waveguide. The fibres are aligned with the XYZ nano-stages un­
til the output power is maximised. The output light is collected by PM fibre and 
directly connected to NIR detector. In order to measure the transm itted spectrum
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laser/detector
Polariser
controller
Polarisation
PM lensed 
fibre
rotator iJemperature 
controlled stage
Figure 5.4: Out of plane coupling setup; inset: Sample stage.
at different temperatures, the sample was mounted on a copper stage with a Peltier 
element to control the chip temperature.
The out of plane measurement setup has the possibility to scan over a wavelength 
range from 1520 nm to 1640 nm, with a 1 pm resolution, as well as to control the 
chip temperature from 20 °C up to 80 °C. In order to measure and characterise the 
passive optical response over the entire wavelength range, two methods are available: 
the stepped scan and the sweep scan. The stepped scan may enable high accuracy 
but a full range scan may take up to 12 h, with mechanical alignment drift loading 
to power variations [216]. The sweep scan enables scanning of the entire wavelength 
range in a few of minutes, with a wavelength resolution of 4 pm, limited only by 
the logging function of the power meter (limited to 20000 points). This resolution 
is sufficient for the type of measurements required for the scan and the speed of the 
scan will avoid measurement errors due to the mechanical drift, thus the sweep scan
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is preferred for the passive optical characterisation of the devices [216].
In order to use the sweep scan, the laser is connected to a computer via a General 
Purpose Interface Bus (GPIB) cable and corresponding card attached to the PC to 
allow for software control of the laser through, for this purpose specially written a 
LabVIEW [217] programme which enables automated wavelength scan. The Agilent 
system also houses a power detector interface module providing tha t the output can 
be observed and recorded by using the same programme.
5.1.3 Mid-infrared setup
The MIR measurements were performed using the setup shown in Figures 5.5 and 
5.6. Initially, the source was a Thorlabs 3.39 /rm, 2 mW CW linearly polarised 
He-Ne laser. At this wavelength Si and Si02 materials are low loss. Additional 
polarisation control was provided by two ZnSe MIR polarisers (Fig. 5.7). Light was 
coupled into a 9/125 pm single-mode MIR optical fibre [218] via a ZnSe objective 
lens and then it was butt coupled into the sample (Fig. 5.8). Light exiting the 
sample was butt coupled to another single mode MIR fibre and then it was directed 
to a MIR detector (Infrared Associates Inc, IS-1.0). Both input and output fibres 
were held on 3-axis NanoMax stages from Thorlabs and adjustments could be made 
to their positions through piezo-controllers (MDT693A). To confirm MIR light was 
propagating through the waveguides, a broadband NIR source (AFC Technologies 
Inc, BBS 15/16 D-TS) and detector (Agilent, 81264B) were introduced into the
P C
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Figure 5.5: A schematic of experimental setup used for MIR measurements.
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Figure 5.6: Mid-IR setup.
H \ 1 / ' / WIW
Chopper controller
Figure 5.7: MIR optical sources and polarisers.
setup. A NIR camera (Hamamatsu, C2741) was used to align the sample such 
that light was visible in the waveguide. After the output power was maximised on
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Figure 5.8; Sample stage with input and output MIR fibres.
the detector, the fibre connectors were used to switch the input and output to the 
MIR laser and detector, respectively. Another method of confirming tha t MIR light 
was propagating thorough the waveguides, would be to implement a MIR camera 
(Fig. 5.9) [219].
Figure 5.9: O utput MIR light imaged at silicon-on-porous silicon waveguide facet 
[219].
Additionally, a tunable Daylight Solution quantum cascade laser (3.72-3.90 fim) 
was used to perform measurements at longer MIR wavelengths (Fig. 5.7). To increase 
the signal-to-noise ratio, a chopper and a loek-in amplifier were used. A PC was 
connected to the lock-in amplifier to record the data and to determine the average 
value and standard deviation of the signal. In order to accurately measure the 
output signal from the sample, a sample stage with a Peltier element was added to
119
5.2 Experimental results for at her mal devices for the near-infrared
change the temperature of the sample and avoid a Fabry-Perot dependence of the 
output signal.
5.2 E xperim ental results for atherm al devices for 
th e near-infrared
Athermal devices have been characterised using a NIR setup that comprises a tun­
able laser with a wavelength range from 1520 nm to 1620 nm. Shallow etched 
(70 nm) gratings optimised for TE polarisation were used at the input/output of 
the waveguide to provide efficient coupling of light from /to the single mode opti­
cal fibers used for testing. The results presented in this section are for operating 
wavelengths around A=1550 nm (TE polarisation) and are in a very good agreement 
with theoretical predictions.
Figures 5.10(a),(b) show a typical transmission spectrum comparing the perfor­
mance of the air and polymer cladding at various temperatures for the W x H =  
323 X  220 nm^ strip racetrack resonator with the radius of 20 /xm and coupling 
length of 9 /xm. The measured TDWS of the racetrack resonator with an air cover
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Figure 5.10: Transmission spectrum of a racetrack resonator with the radius of 
R=20 /xm: (a) before, and (b) after overlaying a polymer cladding (W=323 nm, 
CL=9 /xm, G=300 nm).
was linear and around 60 pni/K  (Fig. 5.11). The polymer cladding introduced sec­
ond order effects [130] providing the symmetric parabolic shift around 55 °C to a 
value of less than 0.5 pm /K  (Fig. 5.12). Outside the 45-65 °C tem perature range, the 
TDWS was ±3 pm /K showing a massive overall TDWS reduction of more than 20
1 2 0
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times compared to the air cladding in the 25-85 °C temperature range (Fig. 5.11). 
The results showed a good agreement with simulation results presented in Chap­
ter 3, where second order effects appeared at waveguide widths around 305 nm and 
shifted towards higher waveguide widths as waveguide height decreased (W —325 nm 
for H=210 nm) (Fig. 3.4).
co
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Figure 5.11: Measured TDWS for a strip racetrack resonator before and after over­
laying a polymer cladding (W=323 nm, R=20 fim, CL=9 /rm, 0=300 nm).
The influence of different waveguide widths on the parabolic curve shift is pre­
sented in Fig. 5.12. The resonant wavelength shift as a function of temperature 
have been measured around the central resonant wavelength of 1550 nm for differ­
ent strip waveguide widths of Wg{323, 330, 335} nm and various racetrack cou­
pling lengths for the radius of R=20 /rm. It can be seen tha t the parabolic curve 
minimum (TDWS%0 pm/K) shifts towards lower temperatures when waveguide 
width increases, showing very good agreement with theoretical model from Chap­
ter 3 (Fig. 3.4, inset). The differences between the theoretically predicted range 
of waveguide widths and the measured results occur due to waveguide height vari­
ations across the wafer (AH=22.6 nm) [214]. The TDWS has been measured to 
bo as low as 0.2 pm /K  for W=335 nm strip racetrack resonator in the 9-25 °C 
and less than 2.4 pm /K  at higher temperatures (25-70 °C). To the best of author’s 
knowledge, this is the best result for athermal racetrack resonators reported in lit­
erature and represents a TDWS reduction of more than 25 times compared to the 
air cladding shift which was 62 pm/K. The parabolic TDWS for the racetrack res­
onator based on the W=330 nm strip waveguide was higher: it is very small, around
1 2 1
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Figure 5.12: Resonant wavelength shift as a function of temperature for differ­
ent waveguide widths and racetrack coupling lengths for the radius of R=20 /rm 
(CL(323 nm)=9 /rm, CL(330 nm)=6 jim, CL(335 nm)=8 /rm, G=300 nm).
40 °C (0.3 pm /K), while outside the range 30-50 °C, the absolute value was within 
|TDWS| ~2-5 pm /K. The observed differences and higher TDWS are mainly due 
to a lower coupling length value and slightly different resonant wavelength (TDWS 
with an air cover was 66 pm/K).
The free-spectral range of analysed racetrack resonators were 3.99 nm, 4.67 nm 
and 4.08 nm for racetrack radius R=20 iim  and coupling lengths of 9 /rm, 6 /im and 
8 /im, respectively. As it can be seen in Fig. 5.10 the polymer cladding improved 
extinction ratio (ER) and Q-value of racetrack resonators. The racetrack extinction 
ratio of 23 dB (CL=9 /im), 19 dB (CL=6 /im) and 15 dB (CL=8 /im), was measured 
after overlaying the polymer cladding (extinction ratio of 15 dB, 11 dB and 10 dB was 
measured with an air cover, respectively). The racetrack Q-value of 24 k (CL=9 /im), 
20 k (CL=6 /im) and 13 k (CL=8 /im), was measured with a polymer cladding (Q- 
value of 7 k, 5 k and 4 k was measured with an air cover, respectively). The 
improvement of racetrack extinction ratio (up to 8 dB) and Q-value (up to 17 k) 
are due to the reduction of loss after overlaying the polymer cladding.
The cut-back method was used to measure propagation losses at 1550 nm wave­
length. The propagation losses for 330x220 miF waveguides without polymer 
cladding were around 33 dB/cm. After overlaying the waveguides with polymer 
cladding propagation losses were reduced to a value of 10 dB/cm  (Fig. 5.13). Propa-
122
5.2 Experimental results for athermal devices for the near-infrared
-15n
A ir  c la d d in g  
P o ly m e r  c la d d in g
(U
-30-
-35
0 21 3 4 5
Waveguide length [mm]
Figure 5.13: Propagation losses for strip waveguides at an operating wavelength of 
1550 nm were significantly reduced when polymer cover was used.
gation losses were also simulated by Nano-Research group at University of Southamp­
ton. Commercial software Lumerical Solutions, Inc. [220], which is based on 3D fi­
nite difference time domain method was used. Propagation losses of ~29 dB/cm  (air 
cladding) and ~13 dB/cm  (polymer cladding) were obtained showing good agree­
ment with experimental measurements. The reduced loss is due to a reduction of the 
scattering loss at the waveguide sidewalls caused by the decrease in the refractive 
index contrast between the waveguide core and cladding after overlaying the poly­
mer cover [221]. Further reduction of losses can be achieved using slab waveguides 
or waveguides of 500 nm width, but in that case polymer with higher TOC than 
LFR-372, used in this work, needs to be used as a cladding material to compensate 
for the positive TOC of the silicon core and to provide an athermal design. Im­
provement of fabrication technology is necessary to reduce the scattering losses of 
SOI strip nanowires.
The influence of different optical path lengths and coupling gaps on the TDWS 
is presented in Fig. 5.14. The resonant wavelength shift have been measured at dif­
ferent temperatures for W=332 nm wide racetrack resonators of R g {10, 30, 40} /rm 
at around 1550 nm wavelength. The TDWS before overlaying the polymer cladding 
was 59, 63 and 65 pm /K , respectively. Following a similar trend as for R=20 //m, the 
polymer cover introduced parabolic TDWS in all cases. The TDW S~0.3 pm /K  (45- 
65 °C) have been measured for R—10 /nn, and |TDW S|<5 pm /K  at other tcniper-
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Figure 5.14; Measured TDWS for a 332x220 nm^ strip racetrack resonator for a 
radius of: (a) R=10 fim, (b) R=30 /im, and (c) R=40 /zm.
atures. The other racetracks revealed TDWS of 0.3 pm /K  at temperatures around 
55-75 °C (R—30 /zm, G=280 nm), and ~70 °C (R=40 /zm, CL=4 /zm), while at lower 
temperatures the absolute TDWS was less than 6 and 7 pm /K, respectively. Similar 
results were obtained for racetrack resonators that exhibit same radius but different 
coupling gap and racetrack coupling length. The TDWS of less than 7 pm /K  was 
measured at temperatures lower than 75 °C for R=30 /zm (G=300 nm) and around 
0.3 pm /K  at higher temperatures. The racetrack resonator with R=40 /zm and 
CL=8 /zm revealed TDWS of 0.3 pm /K  at around 60 °C, whilst absolute TDWS 
was less than 6 pm /K  at other temperatures. For a given wavelength, waveguide 
geometry and racetrack radius, it was concluded TDWS to decrease for wider cou­
pling gaps (at a constant optical path length), whilst longer optical path lengths 
(at a constant coupling gap) induced higher change in TDWS due to higher mode 
interaction with polymer and slightly changed resonant condition in both cases.
Wider coupling gap filled with polymer (which has negative TOC) provided 
higher mode interaction with polymer in the coupling region, therefore, TDWS 
decreased (i.e. parabolic curve minimum shifted towards higher temperatures) for 
wider coupling gaps (at a constant optical path length). Influence of different cou­
pling lengths was opposite (for a constant coupling gap), parabolic curve minimum
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shifted to lower temperatures as coupling length increased. Figure 5.15 is used 
to explain this behaviour. Simulation results from Chapter 3 (Fig. 3.5) showed 
that for a certain waveguide height athermal zone (WG[Wmm, Wmax]) shifted to 
larger values of waveguide widths when the resonant wavelength increased (blue 
zone in Fig. 5.15). Furthermore, in the narrow range of waveguide widths (athermal 
zone), second-order effects appeared at certain temperatures, providing parabolic 
resonant wavelength shifts (Fig. 5.15, insets). It can be seen tha t for certain res­
onant wavelengths Ai and Ag (A% < A2), different waveguide widths can be found 
(Wd<Wt<Wu) at which parabolic resonant wavelength shift occurs. According to 
simulation results from Chapter 3 (Fig. 3.4, inset) an increase in waveguide width 
influenced parabolic curve minimum to shift towards lower temperatures (at cer­
tain wavelength and waveguide height), therefore, T i< T 2 (Fig. 5.15, insets). For 
a certain waveguide geometry and constant coupling gap, an increase in racetrack 
coupling length will shift resonant wavelength to higher value in order to satisfy res­
onant condition. For a racetrack resonator from Fig. 5.14(c) the difference between 
resonant wavelengths (at which minimum resonant wavelength shift occured) was 
AA=460 pm (A2 =  Ar(CL=8 /zm)=1551.26 nm, Ai =  Ar(CL=4 /zm)—1550.8 nm). 
Racetrack resonator based on strip waveguide width exhibited minimum TDWS 
at both resonant wavelengths (Fig. 5.15) where Ti and T 2 correspond to resonant 
wavelengths Ai(Wt) and A2(Wt), respectively. Relatively small resonant wavelength 
shift of 460 pm induced the parabolic curve minimum to shift towards higher temper-
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Figure 5.15: A schematic of the resonant wavelength shift at certain temperatures, 
waveguide widths and operating wavelengths. The athermal zone shifts to higher 
waveguide widths as operating wavelength increases.
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atures (ATh=0.8 K). However, the higher optical path length induced an increase in 
the resonant wavelength shift due to the positive thermal expansion coefhcient of sil­
icon; parabolic curve shifted towards lower temperatures (ATi=9 K). This provided 
an overall shift of A T —8.2 K towards lower temperatures. Therefore, it can be con­
cluded that longer optical path lengths (at a constant coupling gap and waveguide 
geometry) induce a parabolic curve minimum to shift towards lower temperatures.
The reduction of losses caused a significant increase in racetrack quality factor 
and extinction ratio. Table 5.2 compares the performance of racetrack resonators 
based on 332x220 nm^ strip waveguides before and after overlaying the polymer 
cladding. A typical transmission spectrum comparing the performance of the air 
and polymer cladding at various temperatures for racetrack resonators with the 
radius of 10 fj,m and 40 fim is shown in Figs. 5.16 and 5.17, respectively. Similar
Table 5.2: Racetrack extinction ration and quality factor before and after overlaying 
the polymer cladding for different racetrack geometries.
Racetrack parameters
R [/rm]/G [nm]/CL [fim]
Air cladding Polymer cladding
ER [dB] Q-value (k) ER [dB] Q-value (k)
10/280/10 11 1.7 11 6.2
30/280/4 7 15.3 20 28^
30/300/4 20 14.6 20 14
40/300/4 5 4.9 25 25
40/300/8 16 14.2 23 52
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Figure 5.16: Transmission spectrum of a racetrack resonator with the radius of 
R=10 /iin: (a) before, and (b) after overlaying a polymer cladding (CL=10 /mi, 
G=280 nm).
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Figure 5.17: Transmission spectrum of a racetrack resonator with the radius of 
R=40 /rm: (a) before, and (b) after overlaying a polymer cladding (CL=4 /im, 
G=300 nm).
results as for R=20 /rm were obtained. The FSR of analysed racetrack resonators 
were 7.02 nm (R—10 /rm), 3.12 nm (R=30 /rm, G=280 nm), 3.37 nm (R=30 /im, 
G=300 nm), 2.35 nm (R=40 /im, GL=4 /im) and 2.28 nm (R=40 /im, GL=8 /im). 
It can be seen tha t racetrack resonator extinction ratio higher than 20 dB has been 
obtained for the radius of 30 /im and 40 /im, whilst 11 dB revealed the radius 
R=10 /im (after polymer cladding). A Q-value of 52 k was measured for R=40 /im 
whilst more than 25 k was obtained for R—30 /im. An overall increase in racetrack 
resonator quality factor and extinction ratio of up to 27.8 k and up to 20 dB was 
obtained for the radius of R=40 /im (GL=8 /im, GL=4 /im), respectively.
The temperature dependent resonant wavelength shift for racetrack resonators 
based on 330x220 nm^ strip waveguides with an oxide cladding is shown in Fig. 5.18. 
Racetrack resonators with different geometries were examined and a TDWS of 
around 60 pm /K  was obtained. These results were similar as for the resonators 
with an air cladding since the TOG of Si02 is an order of magnitude lower than 
silicon. The propagation losses of strip waveguides were improved to 7 dB/cm. This 
resulted in increased extinction ration and Q-value of a racetrack resonators. Fig­
ure 5.19 shows a typical transmission spectrum comparing the performance of the 
oxide and polymer cladding at various temperatures for racetrack resonator with 
the radius of 30 /im. It can be seen that an extinction ratio of 22 dB was measured 
for oxide-clad resonators compared to 20 dB for polymer cladding. The Q-value 
of around 44.3 k was obtained compared to 28.8 k for polymer cladding. Similar 
results were obtained for different racetrack geometries and results are presented in 
Table 5.3.
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Figure 5.18: Measured TDWS for a 330x220 nm^ strip racetrack resonator for 
different racetrack radius.
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Figure 5.19: Transmission spectrum of a racetrack resonator with the radius of 
R=30 fim: (a) with an oxide cladding, and (b) with a polymer cladding (CL=4 fim, 
G=280 nm).
Table 5.3: Free spectral range, extinction ration and quality factor of an oxide-clad 
racetrack resonators based on 330 x 220 nm^ strip waveguides for different racetrack 
geometries.
R [jUm]/G [nm]/GL [^m] 10/280/10 20/280/6 30/280/4 40/300/4
Free spectral range [nm] 9.9 4.71 3.28 2T^
Extinction ratio [dB] 12 17 22 24
Q-value (k) 14.1 3R9 44^ 31
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Figure 5.20: TDWS of a racetrack resonator with the radius of R=20 //m with a 
polymer cladding (W=335 nm, CL=6 /rm, G=280 nm).
Previous results were obtained at operating wavelengths around A=1550 nm, 
however, similar results were also revealed at different wavelengths. Figures 5.20 
and 5.21 show a parabolic resonant wavelength shift of a racetrack resonators with 
a polymer cladding around operating wavelength of 1558 and 1577 nm, respectively. 
Both resonators were based on W xH =335x220 nm^ strip waveguides and R=20 pm 
radius. The result is in agreement with theoretical predictions from Ghapter 3, 
waveguide width shifted to higher values to provide TDWS at longer wavelengths. 
The racetrack resonator with GL=6 pm and G=280 nm revealed absolute TDWS of 
0.6 pm /K  in the 56-66 °G temperature range, whilst —3.1 pm /K  and 3.8 pm /K  was 
achieved in the temperature range of 24-56 °G and 66-85 °G, respectively (Fig. 5.20). 
The racetrack resonator with GL=10 pm and G=300 nm exhibited absolute TDWS 
of 0.5 pm /K  around 60 °G, —1.9 pm /K  and 1.7 pm /K  was measured in the tem­
perature range of 36-50 °G and 68-85 °G, respectively, whilst at temperatures lower 
than 36 °G TDWS was —5 pm /K  (Fig. 5.21). The TDWS with an air cover was 
66 and 67 pm /K  for racetrack coupling lengths of 6 and 10 pm, respectively. It 
can be noticed that parabolic peak minimum appeared at around 60 °C in both 
cases (Figs. 5.20 and 5.21). According to the previous study (Figs. 5.14 and 5.15), 
higher coupling lengths (at a constant coupling gaps) shift parabolic curve mini­
mum to lower temperatures, whilst higher coupling gaps (at a constant coupling 
lengths) provide the opposite shift. In this case, expected parabolic curve shift to 
lower temperature caused by higher racetrack coupling length GL=10 /mi was coni-
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Figure 5.21: TDWS of a racetrack resonator with the radius of R=20 pm with a 
polymer cladding (W=335 nm, CL=10 pm, G=300 nm).
pensated by the higher coupling gap value (G=300 nm), compared to the racetrack 
with GL=6 pm and G=280 nm. Therefore, parabolic curve minimum appeared at 
similar temperature for both resonators.
5.3 E xperim ental results for m id-infrared w aveg­
uides and devices
Rib and strip waveguides and devices were measured using the MIR setup that 
comprises a MIR lasers at operating wavelengths of 3.39 pm and 3.72-3.9 pm range. 
Each sample was measured several times and each individual waveguide measure­
ment was averaged over a several minute period. The averaged value and standard 
deviation were calculated on a PG connected to the lock-in amplifier. The error 
estimate is shown in the final plots presented below. The noise floor was determined 
by initially maximising the detector power and then by moving the input fibre later­
ally out of alignment with a waveguide until the detector power had stabilized to a 
steady state value. The observed power was more than 20 dB lower than the typical 
measured peak power and the total on chip loss was around 23 dB. From modelling 
(using a built-in function of the commercial software PhotoiiDesign [179]), coupling 
at each facet contributed 9 dB to the loss [215].
The first batch of devices was fabricated on SOI wafers with a 2 /an Si overlayer 
on 1 pm thick BOX (1i b o x = 1  pm). Typical measurements are shown in Fig. 5.22(a).
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Figure 5.22: (a) Relatively high propagation losses of 4.6A0.2 dB/cm  (chip A), 
4.5±0.2 dB/cm  (chip B), 4.5±0.3 dB/cm (chip C) were measured for SOI sam­
ples with 1 pm BOX. (b) Lower propagation losses of 2.4±0.2 dB/cm  (chip 1), 
2.04=0.2 dB/cm (chip 2), and 1.9=40.2 dB/cm (chip 3) were measured for SOI sam­
ples with 2 pm BOX.
The propagation loss of 4.5-4.6 dB/cm  at 3.39 pm suggested the buried oxide layer 
was not sufficiently thick. Propagation loss dependence versus BOX thickness was 
simulated using different software packages. The modeling confirmed a 1 pm BOX 
is not sufficient to suppress substrate leakage, resulting in around 2 dB/cm  leakage 
loss (Fig. 5.23). It can be seen that significant mode leakage to substrate occurs for 
BOX thickness of 1 pm (Fig. 5.23, inset) which is a modelling result using the BPM 
method from RSoft. Overall propagation losses of rib waveguides with 1 pm BOX 
and 10 nm surface roughness were simulated by Nano-Research group at University 
of Southampton. Commercial software Lumerical Solutions, Inc. [220], which is 
based on 3D finite difference time domain method was used. Propagation losses of 
4.75 dB/cm  were obtained showing a good agreement with measured results. It was 
concluded that scattering losses due to sidewall roughness contributed of around 
~2.7 dB/cm  in total propagation losses whilst additional ~2 dB/cm  originated 
from the substrate leakage due to a thin BOX layer. It is worth mentioning tha t 
experimental results for waveguide propagation losses in this section were calculated 
by normalising the output power to the unit power at different waveguide lengths 
and then calculating the slope of the curve (linear data fitting).
The second batch of devices on SOI wafers with 2 /an thick BOX (1ibox= 2 /an) 
was fabricated and measured. Significantly lower losses of 1.9-2.4 dB/cm  were ob­
tained (Fig. 5.22(b)). Simulated propagation losses for this structure were 2.7 dB /cm
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Figure 5.23: Substrate leakage loss of a SOI rib waveguide as a function of buried 
oxide thickness at the operating wavelength of 3.39 fim: inset: Mode field profile 
(H=2 pm, W=1.2 pm, D=1.2 pm, hBox=l pm).
which confirmed tha t the optical losses originated mainly from the scattering at the 
waveguide sidewalls. This result also showed a good agreement with previous mea­
surements for 1 fim BOX where scattering losses due to sidewall roughness were 
around ~2.5 dB/cm. As the propagation loss was still relatively high, the waveg­
uides were oxidised with a 20-30 nm thick thermal oxide to reduce the surface rough­
ness to around ~4 nm. This resulted in propagation losses of 0.6±0.2 dB/cm  (chip 
1) and 0.74=0.1 dB/cm  (chip 2) at 3.39 pm (Fig. 5.24(a)). Simulated propagation 
losses for oxidised rib waveguides were ~1 dB/cm. Bend loss measurements of SOI 
rib waveguides are presented in Fig. 5.24(b). For a constant bend radius the MIR 
output power of waveguides that have a different number of bends and the same op­
tical path length has been measured and compared. The bend losses exponentially 
decrease with increasing the bend radius, and were 0.006=40.002 dB/90° bend for a 
radius of 200 pm.
As polarisation maintaining fibres were not yet commercially available, it was 
not possible to determine absolutely which polarisation was coupled into the waveg­
uides. As described earlier, two MIR polarisers were introduced in the setup and 
measurements were performed for TE/TM  input polarisations (Fig. 5.25). It can be 
seen that the results for TE/TM  input polarisations were very similar. This is not 
surprising taking into account the design and dimensions of the waveguides tested; 
therefore, it can be assumed the polarisation dependence of the propagation loss is
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agation loss before oxidation showed significantly lower losses after oxidation: 
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Figure 5.25: Propagation loss for SOI rib waveguides was similar for both TE and 
TM input polarisations (A—3.39 pm).
not significant for the previously described MIR setup and device dimensions.
Using a tunable MIR laser with central wavelength at 3.8 /mi it was possi­
ble to characterise the same chips at longer wavelengths. Propagation losses of 
2.9=40.3 dB/cm at A—3.73 pm and 3.4=40.2 dB/cm at A=3.8 /mi were obtained 
for unoxidised samples (Fig. 5.26(a)), while 1.5=40.2 dB/cm  at A—3.73 /mi and 
1.8=40.2 dB/cm  at A=3.8 pm were obtained for oxidised samples (Fig. 5.26(b)). Sini-
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Figure 5.26: Propagation loss of: (a) 2.94=0.3 dB/cm  at 3.73 pm and 3.44=0.2 dB/cm  
at 3.80 pm (before oxidation), and (b) 1.54:0.2 dB/cm  at 3.73 pm and 
1.8=40.2 dB/cm at 3.80 pm (after oxidation) were measured for SOI rib waveguides 
with 2 pm BOX.
ulated propagation losses for oxidised rib waveguides were 1.9 dB/cm  and 2.2 dB/cm  
at 3.73 and 3.8 pm, respectively, showing a good agreement with experimental mea­
surements. The experimentally measured bend losses for a bend radius of R=200 pm 
were 0.01 dB for a 90° bend. These results reveal very promising prospects for SOI 
platform at wavelengths longer than 3.7 pm. It can be seen that these losses are 
about 1 dB/em  higher than propagation losses for the same structure at 3.39 pm. 
This is not surprising taking into account tha t Si02 material loss increases beyond
3.6 /rm. Although the SOI waveguides were relatively large it is believed tha t low 
losses can also be achieved by using even smaller structures such as for example 
LOCOS waveguides [219].
By replacing the oxide with a different cladding, structures that guide at longer 
MIR wavelengths can be obtained. Such a cladding can be air, porous silicon or 
sapphire. Propagation losses for SiPSi waveguides fabricated by a direct write pro­
cess, were around 6 dB/cm. Figure 5.27 shows a cut back measurement for 4x2 pm^ 
SiPSi waveguide. The propagation loss for this waveguide was 5.6=40.2 dB/cm. As 
large area irradiation is a preferred method for the fabrication of SiPSi waveguides 
the measurements for those waveguides were also performed. Initially, measure­
ments were performed for nonoxidised samples. Relatively high propagation losses 
of 8.4 dB/cm, 23.9 dB/cm and 31 dB/cm were measured for 5x2 pnF, 4x2 pnF 
and 3x2 pm^ waveguides, respectively, at the wavelength of 3.39 /mi. The sam­
ples were also oxidised after etching to reduce the surface roughness. Losses as
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Figure 5.27: Propagation loss for unoxidised 4x2 SiPSi waveguide fabricated 
by the direct write method was 5.64:0.2 dB/cm (A=3.39 /rm).
low as 2.14:0.2 dB/cm  at 1.55 /xm, and 3.94:0.2 dB/cm  at 3.39 /xm were measured 
for 4x2 /xm  ^ waveguides (Fig. 5.28). Propagation losses of 2.0x 0.6 /xm  ^ strip SOS 
waveguides were 3.64:0.2 dB/cm  at the operating wavelength of 3.39 /xm (Fig. 5.29).
Propagation losses of SiPSi waveguides due to surface roughness were simulated 
by Dr. P. Yang using scalar BPM from RSoft Design, Inc. Simulations were per­
formed for the measured surface roughness of 14 nm and propagation losses of 3 
and 2.3 dB/cm for 4x2 /xm  ^ waveguides at the wavelength of 1.55 and 3.39 /xm, 
respectively, have been obtained. For longer wavelengths it can be expected tha t 
losses decrease as the ratio of the roughness amplitude to the wavelength also de­
creases. However, for longer wavelengths a larger proportion of the optical mode 
is interacting with the sidewalls thus increasing the propagation loss according to 
experimental results. For the SiPSi waveguides, the latter contribution seems to be 
larger than the former and hence the propagation loss at 3.39 /xm is also higher. 
The differences between simulation and experimental results are due to inability to 
perform semi/full vectorial simulations since SiPSi waveguides have relatively small 
sidewall angle [200].
In addition, the SiPSi propagation loss at the wavelength of 1.55 /xm is slightly 
larger than previously reported values of 1.4-1.6 dB/cm [200], suggesting tha t slight 
improvement in the fabrication process (piranlia/HF clean or annealing) may result 
in a reduction of MIR propagation loss from the current value of 3.9 dB/cm  to lower
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Figure 5.28: Propagation loss for oxidized 4x2 SiPSi waveguides fabricated 
by large area implantation was 2.1±0.2 dB/cm at 1.55 pm, and 3.94:0.2 dB/cm  at 
3.39 pm.
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Figure 5.29: Propagation losses for SOS strip waveguides were 3.64:0.2 dB/cm  at 
the operating wavelength of 3.39 pm.
values [200]. Figure 5.30 shows tha t for a surface roughness of 4 nm propagation 
losses can be reduced below 1 dB/cm at 3.39 pm. Taking into account the uncer­
tainty of the simulation results (as scalar BPM method was used, semi/full vectorial 
methods caused simulation to crash due to a ’curved’ cross section of SiPSi waveg­
uides) it can be concluded tha t using smoother waveguides propagation losses can
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Figure 5.30: Propagation loss for SiPSi waveguides with different sidewall roughness 
at the operating wavelengths of 1.55 and 3.40 //m [200].
be reduced below 3 dB/cm. Although relatively low resistivity (0.7 0cm) crystalline 
silicon is preferable for the fabrication of SiPSi waveguides, the use of silicon with 
higher resistivity can be a viable solution to further reduce the propagation loss 
without compromising the fabrication process [215].
SOI strip waveguides and devices
Silicon waveguides and devices based on a 500 nm SOI platform were measured 
using a tunable MIR laser (TE polarisation). Figure 5.31 shows propagation losses 
of 1000x500 nm^ strip waveguides at an operating wavelength of 3.74 /im. This 
wavelength was chosen since it exhibits the maximum output power of the tunable 
MIR laser used in this work. Initially, measured propagation losses for non oxidised 
samples were 9.6±0.9 dB/cm. Similarly to the previous work, the thermal oxidation 
was used to reduce the loss. Propagation losses of 5.94:0.4 dB/cm  were achieved 
after thermal oxidation. The waveguide etching induces surface modifications and 
can result in both the increased scattering losses at the sidewalls due to silicon 
waveguide roughness and the increased absorption sites at Si/SiOg interface due to 
surface residues and lattice damage. A series of atomic force microscope (AFM) mea­
surements were carried out to extract the root-mean-square roughness of SOI strip 
waveguides. The 3D finite difference time domain method was used for numerical 
modelling implementing the SiOg material loss [139] at the wavelengths higher than
3.7 /im. The AFM measurements and theoretical analysis of waveguide losses were
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Figure 5.31: Propagation losses of 9.64:0.9 dB/cm  (before) and 5.94:0.4 dB/cm  (after 
thermal oxidation) were measured for SOI strip waveguides at 3.74 pm wavelength.
performed by N ano-R esearch Group at the University of Southampton. A ccording  
to AFM measurements typical waveguide roughness before thermal oxidation was 
around 8 nm whilst after oxidation it was reduced to 4 nm. Strip waveguides re­
vealed propagation losses of 9.25 and 6.6 dB/cm before and after thermal oxidation, 
respectively, showing good agreement with experimental measurements.
The same analysis was performed for W x H =  1200 x 500 nm^ and W x H =  
1400 X 500 nm^ strip waveguides (with the same roughness ~ 4  nm) and obtained 
5.1 and 3.5 dB/cm at 3.74 pm, respectively, which suggested that the higher losses 
for strip waveguides were due to the smaller waveguide cross section and higher 
mode interaction with waveguide sidewalls. To confirm this, wider waveguides were 
fabricated and measured losses of 5.241.6 and 4.641.1 dB/cm  for W=1200 nm and 
W=1400 nm, respectively. The fabrication and measurements of wider SOI strip 
waveguides were performed by Nano-Research group at University of Southamp­
ton. Simulated propagation losses due to material absorption in Si02 were around
0.6 dB/cm. The bend losses were also measured by comparing the MIR output 
power of waveguides that have a different number of bends and the same optical path 
length. The experimentally measured bend losses for a bend radius of R—100 pm 
were 0.02040.002 dB/90° bend. These results reveal very promising prospects for 
the SOI platform at wavelengths longer than 3.7 pm indicating tha t the infiuence 
of SiÜ2 material loss [139] on w aveguide propagation  losses is still tolerable at these 
wavelengths.
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Figure 5.32: (a) Output power of cascaded I x 2/2x1 MMI at different MIR wave­
lengths for different lengths of MMI, (b) normalised output power of cascaded MMI 
as a function of different number of MMIs at the operating wavelength of 3.74 pm, 
and (c) normalised output power of cascaded Ix  2 /2x1 MMI at different MIR wave­
lengths for different lengths of MMI.
Figures 5.32(a)-(e) show the MMI performance for different lengths of the MMI. 
A typical transmission spectrum of cascaded I x 2/2x1 MMIs in the 3.72-3.88 pm 
wavelength range is shown in Fig. 5.32(a). It can be seen tha t the peak output 
power reaches its maximum around a wavelength of 3.74 pm and decreases rapidly 
at longer wavelengths. The peak transmission is higher for MMI lengths of 21.5 
and 22 pm which is in a good agreement with a theoretical model (which suggested 
21.25 pm long devices would be optimum). The results were also normalised to the 
straight w aveguide (Fig. 5.32(c)) and were plotted in the 3.72-3.8 pm wavelength 
range (due to a very small output power at longer wavelengths).
Normalised output power of cascaded MMI as a function of different number of 
MMIs at the operating wavelength of 3.74 pm is shown in Fig. 5.32(b). The losses of
3.640.2 dB/MMI and 6.040.8 dB/MMI were measured for MMI lengths of 21.5 and
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Figure 5.33: Transmission spectrum of a MIR racetrack resonator based on SOI 
strip waveguides.
22 pm. It is worth mentioning that the fabricated waveguide width (W=1000 nm) 
was well below the calculated single mode boundary of W=1.35 pm. The further 
reduction of waveguide and MMI losses can be achieved using waveguides with a 
width greater than 1000 nm and smoother sidewalls (MMI losses can be reduced to 
~1 dB/cm according to the theoretical model).
Figure 5.33 shows the transmission spectrum of a strip racetrack resonator with 
the radius of R—100 pm (CL=50 pm, G=1.2 pm). Initial measurements were per­
formed for unoxidised samples and a very poor resonances were achieved due to a 
high optical losses. The thermally oxidised racetrack resonator had Q-values up to
8.2 k, a free spectral range of roughly 4.12 nm, an extinction ratio up to 10 dB, 
and an associated group index of 4.64. The theoretical FSR of a racetrack of this 
size is 4.24 nm with a theoretical group index of 4.53, which is in close agreement 
with typical measurements. Simulations were performed using built-in functions of 
a commercial software PhotonDesign [179]. A simulated quality factor of the race­
track resonators was in the region of 30-40 k. A possible reason for the discrepancy 
between the simulated and measured Q-factors is that the quantum cascade laser 
is not mode-hop free, which could reduce the effective resolution of the wavelength 
scans and result in a variation of the Q-factor from resonance to resonance. An 
average Q-factor of 8.2 k was measured, but some resonances had Q-factors as high 
as 23.4 k, which is much closer to the simulated results.
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5.4 Sum m ary
In this chapter the methodology used for measurements and experimental results 
obtained from the fabricated devices have been discussed. A polishing recipe was 
formulated to achieve a good quality of waveguide facet. The NIR and MIR measure­
ment setups were described in detail and they were used to characterise fabricated 
devices.
Athermal devices were measured at around 1550 nm demonstrating a record 
low TDWS for different SOI strip racetrack resonators and waveguide geometries 
using polymer cladding. A resonant wavelength shift of 0.2 pm /K  at a 1550 nm 
wavelength was measured for 335x220 nm^ waveguides. A significant reduction of 
waveguide propagation losses, improved ring Q-value and higher extinction ratio 
were obtained after overlaying the silicon waveguides with a polymer cladding. Ob­
tained results confirmed a parabolic resonant wavelength shift at waveguide widths 
around 330 nm suggested by numerical modelling. The influence of different op­
tical path length and racetrack coupling gap on TDWS was also examined. The 
performance of racetrack resonator covered with polymer was compared with an ox­
ide cladding. Resonant wavelength shift for an oxide cladding was similar to an air 
cladding (TDWS~60 pm /K), whilst waveguide losses, racetrack resonator extinction 
ratio and Q-value were similar as for the polymer cladding.
Optical characterisation of devices based on different material platforms, such as 
silicon-on-insulator, silicon-on-porous silicon and silicon-on-sapphire, was performed 
at mid-infrared wavelengths. Propagation losses of 0.640.2 dB/cm  at 3.39 /xm,
1.540.2 dB/cm  at 3.73 /xm and 1.840.2 dB/cm  at 3.8 /xm have been measured for rib 
waveguides, whilst strip waveguides exhibited propagation losses of 4.641.1 dB/cm  
at the wavelength of 3.74 /xm. The silicon-on-sapphire and silicon-on-porous sil­
icon waveguides experienced higher losses. A 1x2 MMI splitter and racetrack 
resonators based on SOI strip waveguides were also examined. Optical losses of
3.640.2 dB/MMI and a racetrack resonator Q-value of 8.2 k were obtained at
3.74 /xm. Obtained results showed a good agreement with theoretical modelling. 
To the best of author’s knowledge, this is the longest wavelength used to charac­
terize passive devices based on the SOI platform. The results reveal very promising 
prospects for the SOI platform in the 3-4 /xm wavelength range indicating th a t the 
influence of Si0 2  material loss on waveguide propagation losses is still relatively 
small at these wavelengths.
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Chapter 6
Conclusions and future work
The conclusions of the thesis are presented in this chapter. In addition to the thesis 
overview and significant contributions to the silicon photonics field, ideas for future 
research are also discussed.
6.1 Sum m ary
The demand for high density and low cost integrated optical circuits continues to 
drive research towards further reductions in device size for more efficient, reliable, 
and compact integration. High index contrast material platforms such as SOI are 
promising for making highly compact optical devices. The objective of the research 
presented in this thesis was to investigate, model, design, fabricate and characterise 
low temperature sensitive SOI waveguides for optical interconnects and silicon based 
devices for the 3-4 /xm wavelength range. The study encompassed both theoretical 
and experimental work.
Modelling of SOI strip waveguides and racetrack resonators was performed prior 
to fabrication to investigate temperature sensitivity issues. The influence of dif­
ferent waveguide geometry, racetrack resonator parameters and operating wave­
length on TDWS was examined. Simulations showed tha t using a polymer cladding 
(with its negative TOC) a significant reduction of TDWS can be achieved. In the 
narrow range of waveguide widths around 305410 nm (H=220 nm, A=1550 nm), 
TDWS was less than 10 pm /K  and second-order effects appeared at certain tem­
peratures, providing parabolic resonant wavelength shifts. For smaller waveguide 
heights (H=210 nm) and constant waveguide width and operating wavelength, the 
TDWS became negative; the waveguide width had to be increased (W=325 nm), 
such tha t mode confinement in the Si core remained the same. Design rules were
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also obtained for different operating wavelengths and strip waveguide heights. The 
racetrack resonators with different radii, coupling lengths and racetrack gaps were 
simulated to optimise power coupled to a ring. Device modelling has been performed 
using commercial software such as PhotonDesign, Comsol, and RSoft to analyse dif­
ferent effects and to compare results in order to achieve better accuracy. Modelling 
of MIR devices started with the investigation of SOI rib waveguides at a 3.39 /xm 
wavelength. A detailed investigation of the geometrical and stress induced effects on 
waveguide birefringence was presented. Experimental results for the upper cladding 
stress level were used to determine the influence of top oxide cover thickness and 
different levels of upper cladding stress on waveguide characteristics. The design 
rules for both single mode and zero-birefringent conditions were presented for dif­
ferent waveguide heights above 2 /xm. Modelling of strip waveguides and devices 
for the MIR applications was also performed. The MIR optical splitters and race­
track resonators based on H=500 nm SOI strip waveguides were designed for the 
3.7-3.9 /xm wavelength range. The 1x2 MMI splitters were designed to operate at
3.74 /xm. Different widths and lengths of MMI were simulated to suitably image the 
light from the input port onto the output ports. The influence of different channel 
separation and operating wavelength was examined to optimise MMI performance 
for 8 /xm wide and 22.4 /xm long device. Racetrack resonators with the radius of 
100 /xm were also simulated for different strip waveguide widths, resonator coupling 
lengths and coupling gaps to optimise power coupled to a resonator from the straight 
waveguide.
The information from the modelling was utilsed to design the test chips. In order 
to target the required performance and avoid the influence of fabrication and mod­
elling tolerances, geometry variations of the same device were applied. Two software 
tools, L-Edit and RSoft were used for the design purposes. Device fabrication was 
performed using different fabrication techniques tha t were also described in detail. 
The NIR devices were fabricated at CEA-LETI, France. SOI strip waveguides with a 
height of 220 nm, a BOX layer of 2 /xm, and different waveguide widths of W e {300, 
330, 350} nm were chosen, aiming for an athermal design. Waveguides and racetrack 
resonators were fabricated using DUV 193 nm lithography and oxide as a hard mask. 
Shallow etched (70 nm) gratings optimised for TE polarisation were fabricated us­
ing DUV 248 nm lithography and resist as a hard mask. The UV exposure energy 
was varied to achieve ±30 nm waveguide width variations across the wafer. Device 
characterisation and polymer deposition were performed at the University of Surrey 
cleanroom. The MIR rib waveguides were fabricated using standard 365 nm contact
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lithography techniques at the University of Surrey cleanroom. The study of etching 
parameters such as gas flow rates, pressure and bias voltage was conducted to opti­
mise the fabrication process. A BOX layers of 1 /xm and 2 /xm were used, although 
the latter was prefered to suppress substrate leakage. Rib waveguides with a height 
of H=2 /xm, width of W =2 /xm and an etch depth of D—1.2 /xm were fabricated, 
as their overall dimensions ensured efficient coupling from MIR optical fibres since 
a low power MIR laser at 3.39 /xm was used. Using the same recipe 600 nm SOS 
strip waveguides were fabricated. It was very difficult to smooth waveguide facets by 
using standard polishing techniques with abrasive discs due to high sapphire hard­
ness. Therefore, a FIB was used which resulted in increased coupling efficiency. The 
SiPSi waveguides with a height of 2 /xm were fabricated using proton beam irradia­
tion technique at the National University of Singapore. Fabrication was performed 
by selective direct irradiation of silicon without using a photoresist pattern and by 
using a photoresist pattern with irradiation performed over a large area. The MIR 
SOI strip waveguides, MMIs and racetrack resonators were fabricated using e-beam 
lithography and IGF etching at the University of Southampton cleanroom. Devices 
were based on W xH —1000x500 nm^ strip waveguides with 3 /xm BOX.
SOI strip waveguides and racetrack resonators were measured using a NIR setup 
demonstrating a very low temperature sensitive resonant wavelength shift at around 
1550 nm wavelength. Polymer Exguide"^^ LFR-372 (ChemOptics Inc.) tha t has a 
negative thermo-optic coefficient was used for the top cladding, to compensate for 
the positive thermo-optic coefficient of the waveguide core, resulting in an ather­
mal design. Experimental results demonstrated tha t at certain waveguide widths 
(around 330 nm), for a waveguide height of 220 nm, a parabolic resonant wave­
length shift occurs. The parabolic curve minimum (TDWS~0) shifted toward lower 
temperatures when waveguide width increased, showing very good agreement with 
theoretical model. The state of the art results for low temperature sensitive race­
track resonators are presented in Table 6.1. It can be seen tha t a record low TDWS 
of 0.2 pm /K  has been achieved for 335 nm wide waveguides and this represents a 
TDWS reduction of more than 300 times compared to the air cladding shift, which 
was 62 pm /K. The influence of different optical path lengths and coupling gaps 
on the TDWS was also examined. For a given wavelength, waveguide geometry, 
and racetrack radius, the experimental results showed tha t the TDWS decreased for 
wider coupling gaps (at a constant optical path length), while longer optical path 
lengths (at a constant coupling gap) induced higher change in TDWS due to higher 
mode interaction with the polymer and slightly changed resonant conditions in both
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Table 6.1: Comparison between the state of the art results for low tem perature 
sensitive racetrack resonators.
R eference T D W S  [pm /K ] T  [°C] A [nm] W x H  [nm2]
[117] 5 2ffaO 1540-1560 500x220
[129] -4.9 10-50 1515-1540 350x220
[130] 0.5 25-45 1520 700x206 (a-Si)
[130] 4 45-60 1520 700x206 (a-Si)
[130] 7 25-40 1550 700x216 (a-Si)
This work [222] 0.2 <F25 1550 335x220
This work [222] 2.4 25-70 1550 335x220
This work [222] 0.3 3446 1550 330x220
This work [222] 2.9 20-34 A 46-65 1550 330x220
cases. The performance of racetrack resonators covered with polymer was compared 
with an oxide cladding. Waveguide propagation losses, racetrack resonator Q-value 
and extinction ratio were similar whilst resonant wavelength shift for the resonators 
covered with oxide was much higher due to the positive TOC of silicon dioxide.
Rib and strip waveguides and devices were measured using the MIR setup tha t 
comprises two MIR lasers at operating wavelengths of 3.39 fim and 3.72-3.9 fim. 
Initially, SOI rib waveguides with 1 fim BOX revealed relatively high propagation 
losses at 3.39 //m suggesting the BOX was not sufficiently thick. The devices with a
2 fim thick BOX revealed significantly lower losses of 1.9-2.4 dB/cm. As the prop­
agation loss was still relatively high, the waveguides were oxidised to reduce the 
surface roughness which resulted in propagation losses of 0.6-0.7 dB/cm  at 3.39 /im. 
Measurements were performed for different input polarisations and the results for 
TE /TM  input polarisations were very similar. A tunable laser with central wave­
length at 3.8 fim was used to characterise the same chips at longer wavelengths. 
Propagation losses of 1.5 dB/cm  at 3.73 fim and 1.8 dB/cm  at 3.8 fim were obtained 
for oxidised SOI rib waveguides. SOS and SiPSi waveguides have been characterised 
at 3.39 fim. Further reduction of surface roughness and optimisation of fabrication 
process of SiPSi waveguides can be used to decrease propagation losses to less than
3 dB/cm. SOI strip waveguides revealed propagation losses of 4.6 dB /cm  at 3.74 jim 
wavelength. Experimental results have shown good agreement with theoretical mod­
elling. Optical splitters and racetrack resonators were also examined. Optical losses 
of 3.6 dB/M M I and racetrack resonator Q-value of up to 8.2 k were measured at 
the wavelength of 3.74 fim. The results revealed very promising prospects for the
145
6.2 Achievements
SOI platform at wavelengths longer than 3.7 //m indicating that the influence of 
SiÜ2 material loss on waveguide propagation losses was still relatively small at these 
wavelengths.
6.2 A chievem ents
Figure 6.1 below show the surface of a processor chip with temperature distribution 
from 25 °C to 70 °C. If silicon photonic devices were ever to be integrated with 
a microprocessor or even electronic circuits, there would be a need to control the 
resonant frequencies of racetrack resonators since they sufler from ambient tempera­
ture fluctuations which cause a shift of the spectral response. Active control results 
in higher cost, larger footprint and higher power consumption. In this thesis, the 
demonstration of a record low TDWSs for different SOI strip racetrack resonators 
and waveguide geometries using polymer cladding has been presented at operat­
ing wavelengths around 1550 nm. The influence of various parameters has been 
examined achieving a very good agreement with theoretical model. Temperature in­
sensitive and low loss devices may serve as building blocks for more complex passive 
and active devices, and eventually for SOI photonic circuits, which will be used in a 
host of applications at optical communication wavelengths. On the other side, MIR 
silicon photonics is gathering pace, driven mainly by the lure of possible applica­
tions such as sensing, free-space communications, thermal imaging and biomedicine. 
However, the field is still in its infancy and the first serious challenge is to find suit-
non-IBM p-processor @3.3 GHz, 1.4 Vdd
70°CI
I
25°C
Figure 6.1: Temperature gradient on the surface of a microprocessor [223].
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able material platforms for the MIR. In this thesis experimental results for passive 
MIR silicon photonic devices realised in SOI, SOS, and SiPSi were presented. It was 
shown tha t SOI is a useful material for integrated group IV photonics in the 3-4 pm 
wavelength range, where SOI rib waveguides with less than 1 dB/cm  propagation 
loss have been demonstrated. It was also shown tha t SOS and SiPSi are viable ma­
terial platforms in the mid-infrared, and for each waveguide type propagation losses 
less than 4 dB/cm  have been measured at 3.39 pm. These two material platforms 
offer good alternatives to SOI in those regions of the MIR spectrum where Si02 has 
high absorption.
In summary, the following achievements have been made:
1. Design rules for temperature sensitivity management of SOI waveguides for 
optical interconnects have been presented;
2. A record low TDWS has been measured for SOI strip racetrack resonators 
using polymer cladding at operating wavelengths around 1550 nm;
3. The influence of various parameters on TDWS has been examined. Lower 
propagation losses, improved racetrack resonator Q-value, and higher extinc­
tion ratio were obtained after overlaying the silicon waveguides with a polymer 
cladding;
4. Experimental results for passive MIR silicon photonic waveguides realised in 
SOI, SOS and SiPSi have been reported;
5. Optimisation of rib waveguide profiles in terms of the single-mode and zero- 
birefringent conditions using stress engineering for the MIR has been carried 
out;
6. SOI rib waveguides revealed propagation losses of ~1.5 dB /cm  at 3.73 pm 
after thermal oxidation, 1 dB/cm higher than propagation losses for the same 
structure at 3.39 pm;
7. SOI strip waveguides had propagation losses of ~4.6 dB/cm  at 3.74 pm. SOI 
waveguides are still usable at longer wavelengths than expected.
8. Optical splitters and racetrack resonators have been characterised in the 3.7- 
3.9 pm wavelength range.
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6.3 C onclusions
Literature review has shown a great progress of silicon photonics technology. It 
promises a great potential for the realisation of low cost, compact and highly re­
liable devices and systems for a number of different applications such as sensing, 
telecommunications, optical interconnects and medicine.
Temperature sensitivity of resonant silicon photonics devices is very im portant 
for the development of reliable on-chip optical systems tha t can operate in a wide 
temperature range. The results presented in this thesis have demonstrated th a t by 
using a polymer cladding a very low temperature sensitive devices can be achieved. 
Theoretical modeling have shown a very good agreement with experimental results 
achieving the record low temperature sensitivity of 0.2 pm /K  for SOI strip race­
track resonators at 1550 nm. This is an order of magnitude lower value than the 
typical temperature sensitivity of the silicon photonics devices based on different 
(such as oxide) cladding (~60-70 pm /K). Therefore, obtained results can be used to 
develop low temperature sensitive silicon optical modulators, MZIs or AWGs. The 
concept of using a polymer with its high negative thermo-optic coefficient is shown 
to be able to provide the development of on-chip optical system with improved 
performance for optical interconnects. However, strip waveguides exhibit higher 
propagation losses than the rib waveguides, especially narrow (330x220 nm^) strip 
waveguides reported in this research (10 dB/cm). Therefore, the improvements of 
the current fabrication techniques, using the hybrid rib /strip  structures [224] and 
post fabrication treatments such as thermal oxidation, wet treatm ents (piranha and 
HF clean) or annealing [225] are necessary to provide lower optical losses. Prop­
agation losses can also be reduced by using wider waveguides and polymers with 
higher thermo-optic coefficient. Another approach is the consideration of the low 
index contrast systems such as silicon-nitride. Nitride possesses lower thermo-optic 
coefficient (4x10“  ^ K“ )^ than silicon which gives a possibility of a large variety 
of commercially available polymers to be explored aiming for the low tem perature 
sensitivity and low optical losses. In this thesis, the influence of various param ­
eters on TDWS has been examined and athermal performance has been achieved 
at different operating wavelengths. Lower propagation losses, improved racetrack 
resonator Q-value, and higher extinction ratio were obtained after overlaying the 
silicon waveguides with a polymer cladding. Therefore, this technique could also be 
be used for multiplexers and integrated resonator filters where the requirement of a
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narrow bandwidth, large free-spectral range and temperature stability of resonant 
wavelengths represent the major milestone for future applications.
The MIR silicon photonics is still in its infancy, however, it promises great po­
tential for a number of applications such as astronomy, sensing and biomedicine. 
Experimental results presented in this thesis for SOI, SOS and SiPSi waveguides 
demonstrated tha t MIR silicon photonics can have the same progress as the NIR sil­
icon photonics. Propagation losses of SOI rib waveguides were 0.6 dB /cm  at 3.39 //m 
and 1.5 dB/cm  at 3.73 fim, whilst SOI strip waveguides revieled propagation losses 
of 4.6 dB/cm  at the wavelength of 3.74 fim. Therefore, these waveguides can be 
used to develop a range of MIR devices tha t can operate at longer wavelengths than 
expected. The absorption losses of Si02 can be tolerated at these wavelengths which 
enables possibility to develop a range of MIR silicon photonic devices such as multi­
plexers, AWGs, gratings and modulators. The MMIs and racetrack resonators were 
characterised in the 3-4 fim wavelength range. Optical losses of 3.6 dB/M M I and an 
average racetrack resonator Q-factor of 8.2 k (with extinction ratios of up to  10 dB) 
were measured. The tunable MIR laser was not a mo de-hop free which could reduce 
the effective resolution of wavelength scans providing tha t some resonances had much 
higher Q-values (23.4 k). Therefore, SOI, the most promising platform for NIR, can 
be used to develop more complicated MIR devices and eventually an integrated 
MIR silicon photonic circuit. In future, there can also be a chip-level integration of 
MIR silicon photonic circuits with CMOS electronics enabling lab-on-a-chip sensing 
systems. Low propagation loss waveguides and high Q-factor resonators are highly 
desirable for such a system, therefore, similar treatments as discussed for the NIR 
devices can be used to improve the performance of MIR waveguides and devices. 
The contribution of oxide loss can be reduced by fabricating suspended structures 
[226]. It is also worth to mention tha t thermo-optic coefficient of silicon decreases 
as operating wavelength increases thus simplifying the development of tem perature 
insensitive devices. Techniques developed for design, fabrication and testing of NIR 
silicon photonics, should be readily transferable to longer wavelengths. Fabrication 
tolerances of MIR devices should also be relaxed compared to tha t of the NIR due 
to a higher cross section of devices required by longer operating wavelength. The 
results presented in this thesis have also shown tha t SOS and SiPSi are viable ma­
terial platforms in the MIR, and for each waveguide type propagation losses of less 
than 4 dB/cm  at 3.39 fim were obtained. These two material platforms offer good 
replacements for SOI in those regions of the MIR spectrum where Si02 has high 
absorption.
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6.4 Future work
The work presented in this thesis leaves further avenues to be pursued in future 
work in several ways. The future work can be divided into two categories: relatively 
immediate (design or experimental) work on the concepts and designs presented in 
this work some of which are under way, and less immediate and less well defined 
general research directions suggested by this work.
Athermal SOI waveguides revealed very interesting results and a very low TDWS. 
A polymer with large negative TOC was used for the upper cladding to compensate 
the positive TOC of the silicon core providing an athermal design. In this work, 
polymer deposition and curing have been performed at specific UV exposure energy 
resulting in a specific polymer refractive index which influenced the position of the 
resonant wavelength. It would be very useful to investigate the possibility of trim ­
ming the resonant wavelength using UV sensitive polymer cladding. This will result 
in the development of individual optical components tha t can be athermalised and 
precisely registered to standard wavelengths for a future multiwavelength optically 
interconnected computing system on a chip. The investigation of tem perature sen­
sitivity of SOI slot waveguides also attracts much attention. Figure 6.2 shows the 
SEM of a slot ring resonator based on 220 nm SOI platform with the slot gap of 
120 nm. The athermalisation of these devices is possible using polymers with low 
negative TOC of around —1x10“  ^ such as PDMS, PMMA or BCB, however 
photosensitive and athermal glasses with negative TOC need to be investigated. 
Characterisation of SOI devices based on strip and slot waveguides falls in relatively 
immediate category.
The less immediate new research direction would be to demonstrate the athermal 
rib SOI modulator. Figure 6.3 shows a schematic of an athermal phase modulator 
using self-aligned technology where a polymer is used as a lower cladding. This 
requires a new design concept and also introduces an additional fabrication step, 
removal of silicon dioxide and polymer deposition. Slot waveguide ring resonator 
represents a very promising platform for the development of different kinds of high 
m aturity sensors with high-sensitivity, fast response, and ability to perform the real 
time measurements. In the slot waveguide the light is guided and strongly confined 
inside a nanometer-scale region of low refractive index. The chemical species or 
gas molecules modify the index of refraction in the gap region of the optical device 
providing different kind of lab el-free sensing such as biosensing, and nano-opto­
mechanical sensing, tha t can be detected by the resonance shift of high-Q ring
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(a) (b)
Figure 6.2: SEM of: (a) SOI slot ring resonator, and (b) the coupling region between 
the bus waveguide and the ring.
Ground Signal
SiO] top cladding
Polymer cladding
Figure 6.3: Cross section view of an athermal silicon modulator.
resonator. The devices may suffer from higher optical losses. Although fields of 
biosensors and biophotonics represent another area of research, they have emerge as 
topics of strong scientific interest and economic significance. Therefore, a significant 
attention is needed in the less immediate future.
The reduction of loss in optical waveguides represents a challenge due to their 
importance for on-chip optical networks. An investigation of low loss and tem­
perature insensitive solutions is necessary to make optical network able to operate 
in a wide temperature range with reduced power consumption. Overcoming these 
problems will provide higher device density on the chip with very high data how. 
One solution may be to use wider waveguides and a material with higher negative 
TOC, whilst on the other hand an investigation of LOCOS waveguides may provide 
suitable solutions. All these suggestions fall into the loss immediate category.
The MIR silicon photonics has also attracted much attention. The immediate
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work can be pursued iu the fabrication and characterisation of submicron SOI rib and 
strip waveguides. The fabrication will include différent variations of waveguide width 
and etch depth to investigate the propagation losses. MIR devices such as MMIs, 
directional couplers and racetrack/ring resonators based on this type of waveguides 
are also im portant and need to be further explored.
An interesting concept of wavelength division (de)multiplexing (WDM) has been 
demonstrated recently [190]. A schematic of the device is shown in Figure 6.4. 
Simulation results at MIR wavelengths have shown promising prospects for 3 channel 
WDM device based on 500 nm SOI rib waveguides with etch depth of 375 nm 
(Fig. 6.5). Output power of each channel has been normalised to the power of 
input waveguide. The simulated MMl width and incident angle at which maximum 
transmission occurs are equal to 25 ^m and 0.41 rad, respectively. Input and output 
waveguides are tapered with 30 /rm long and 12 fim wide tapers, similar to the case 
of MMl. This work can be classified as relatively immediate, however, slight setup
O utput 
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Figure 6.4: A schematic of MMl WDM device.
modifications may be done to ease measurements.
Further characterisation of SiPSi waveguides also falls in category of relatively 
immediate work. The waveguides will be fabricated with different dosage and resis­
tivity Si to investigate the propagation losses. As a long term plan, characterisation 
of these waveguides at longer wavelengths is needed. Fabrication and characterisa­
tion of Ge-on-Si, nitride, LOCOS and chalcogenide waveguides also falls into the 
less immediate category.
The existing choices of the waveguide structure and the cladding material offer 
enormous opportunities for improvement and optimisation of the future device gen-
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Figure 6.5: Simulated output power of MMl W DM device (Wammi=25 /rm, 0=0.41 
rad).
erations to achieve better compactness, enhanced reliability, functionality and per­
formance, and increased fabrication tolerances. It is hoped that the most interesting 
concepts and devices presented in this thesis will yet result from its continuation by 
other researchers. Many challenges still remain in the development of silicon based 
microphotonics into a commercially viable technology.
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A ppendix A  
Stress and m odal analysis using  
COMSOL software
The commercial software package, COMSOL, has been used for the stress and modal 
analysis presented in this thesis. The following section includes a brief stress theory 
and a sample programming code for calculating the stress-induced effective birefrin­
gence of SOI rib waveguide at 3.39 fim wavelength. Experimental procedure for 
stress measurements is also included.
The change in the material effective indexes caused by stress induced effects can 
be expressed as [184-187]:
A N x  —  Nx  —  Nq — —CiCTx — C2{(Jy  4 -  (7z) 
A N y  =  N y — Nq =  —ClCTy ~  C2{0’x T  CTz) 5 (A .l)
where cjxi Cy and az are the principal components of the relative stress tensor, Nx 
and Ny are the components of the m aterial’s refractive index, Nq is the refractive 
index without stress, and Ci and C2 are the stress-optic constants related to the 
Young’s modulus (E), Poisson’s ratio (z/), and the photoelastic tensor elements (pn 
and P12) as:
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One source of birefringence is strain due to the temperature difference before and 
after fabrication processes. The strain and stress are related as follows [184-187]:
(A.3)
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where €y, and are the principal strain components along the x, y and z di­
rection, respectively, a  is the thermal expansion coefficient, and A T  = Tq — %ef 
represents the difference between the operating temperature Tq and reference tem­
perature Tj-ef- At the reference temperature, which corresponds to the deposition 
temperature for an idealized oxide film on a silicon system, there is no intrinsic stress 
in any layer and all the material layers are at equilibrium. As it can be seen from 
Eq. A.3, the strain consists of the photoelastic stress and thermally induced stress. 
By inverting Eq. A.3 the relation for the stress distribution tensors can be obtained 
as:
E 1 — p p 
p 1 — p 
p p
p
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All material parameters used in numerical calculations are shown in Table A.I.
Table A.l: Experimental values of material parameters of Si and Si02 used in the 
calculations [187].
P a ra m e te r No Pii P12 E  [GPa] p a  [xlO"®A“ ]^
Si 3.476 -0.101 0.0094 130 0.27 3.6
S1O 2 1.444 0.16 0.27 76.7 0.186 0.54
The stress measurements were performed by B. Kessler Foundation for Research, 
Trento, Italy [187]. Silicon oxide layers were deposited on 500 fim thick silicon wafers, 
oriented along the (100) plane. Thermal silicon oxide was grown in a standard 4” 
furnace, at a temperature of 1150 °C. PECVD silicon oxide was deposited using a 
STS (Surface Technology Systems, Ltd) coupled planar parallel electrode system. 
The temperature of the wafer chuck during deposition was 300 °C. The plasma 
was generated using a mixture of N2 , N2O and SiH^ gases. Stress measurement 
was carried out by wafer curvature comparison, before and after deposition, using 
Hoffmann’s formula for thin films [187]:
EsK (A.5)
6(1 — ^s)Rid
where Eg is the Young’s modulus of the substrate, Pg is Poisson’s ratio of the sub­
strate, Egl{l — Pg) is the biaxial elastic modulus of the substrate, R  is the effective 
wafer radius of curvature, hg is the thickness of the substrate, td is the thickness of 
the deposited layer and GfUm is the average film stress. For a single crystal silicon
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wafer, Eg was assumed to be equal to 155.8 GPa, while Pg is equal to 0.2152. The 
effective radius of curvature R is calculated as R =  R i R 2/ {R i  — R 2), where Ri  and 
R 2 are the bow radii of the wafer before and after the film deposition. All wafers 
used were oriented along the (100) plane while the profile measurements followed 
(110) direction. Wafer curvature was measured by a KLA-TENGOR^^ prohlome- 
ter, with dedicated patterning of the underlying silicon substrate to assure perfect 
overlapping of scanning paths before and after deposition.
% COMSOL Multiphysics M odel M-file
clear all 
flclear fem
% GOMSOL version 
clear vrsn
vrsn.name =  ’GOMSOL 3.3’;
vrsn.ext =
vrsn.major =  0;
vrsn.build =  405;
vrsn.res =  ’$Name: $’;
vrsn.date =  ’$Date: 2006/08/31 18:03:47 $’;
fem.version =  vrsn;
% Constants
fem.const =  {’nSi’,’3.476’, ...
’nS i02’,’1.444’, ...
’E8i’,’130e9’, ...
’ESi02’,’76.7e9’, ...
’nuSi’,’0.27’, ...
’nuSi02’,’0.186’, ...
’alphaSi’,’3.6e-6’, ...
’alphaSi02’,’5.4e-7’, ...
’p l lS i’,’-0.101’, ...
’p llS iO 2’,’0.16’, ...
’pl2S i’,’0.0094’, ...
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’pl2SiO2’,’0.27’, ...
’ClSi%'nSi"3*(pllSi-2*nuSi*pl2Si)/(2*ESi)\ ... 
’C2Si’,’nSi^3*(-nuSi*pllSi+(l-nuSi)*pl2Si)/(2*ESi)’, ... 
’ClSi02%’n8i02"3*(pllSi02-2*nuSi02*pl28i02)/(2*ESi02)\ ...
’C28i02’,’n8 i02^3*(-nu8i02*pll8 i02+ (l-nu8i02)*pl28i02)/(2*E 8i02)’, ... 
’T l ’,’20’, ...
’TO’,’1000’};
% Parameters of 801 rib waveguide
theta=90*pi/180; % sidewall angle 
width=100e-6; % structure width 
h_8ubstrate=98.65e-6; % substrate height 
h_B0X=le-6; % buried oxide layer height 
H=2.95e-6; % waveguide height 
D_0=1.7e-6; % etch depth 
h8i=H-D; % slab height, H-D 
coef=0.7; % sidewall thickness coefficient 
t8 i02= le-6 ; % top oxide thickness 
Wl_0=0.2e-6; % waveguide top width 
delta_D=0.05; % step for the etch depth 
delta_W=0.2e-6; % step for the waveguide width
for a2= l:9
D=D_0+(a2-1) *delta_D
h8i=H-D;
for a3=l:14
W l=W l_0+(a3-l)*delta_W
W 0= W l+2*D /tan(theta); % waveguide bottom  width 
W 2=2*abs(t8iO2/tan(theta)-W 0/2-coef*t8iO2/sin(theta)); % cover oxide bot­
tom width
W 3=2*abs(-W 0/2-coef*t8iO 2/sin(theta)+(D +t8iO 2)/tan(theta)); % cover 
oxide top width
% Rib waveguide geometry
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% Substrate
g2=rect2 (width,h_Substrate,’base VcornerVpos’,-width/2, 
-h_Substrate-h_BOX, ’rot ’, ’O’) ;
% BOX layer
g4=rect2(width,h_BOX,’base’,’corner’,’pos’,-width/2,-h_BOX,’ro t’,’O’); 
% Si Core
bl=curve2 ( [-width/2, w idth/2],[0,0],[1,1]); 
b2=curve2 ( [width/2, width /  2], [0,hSi] ,[1,1]); 
b3=curve2 ( [width/2, WO/2], [hSi,hSi] ,[1,1]); 
b4=curve2 ( [WO/2, W1 /2], [hSi,H] ,[1,1]); 
b5=curve2([W l/2,-W l/2],[H,H],[l,l]); 
b6=curve2 ( [-W1/2,-WO/2], [H,hSi] ,[1,1]); 
b7=curve2 ( [-W 0/2 ,-width /  2], [hSi,hSi] ,[1,1]); 
b8=curve2 ( [-width/2 ,-width/2], [hSi,0] ,[1,1]); 
g5 =  geomcoerce(’solid’,bl,b2,b3,b4,b5,b6,b7,b8);
% Si02 top layer
dl=curve2 ( [-width/2 ,-WO/2], [hSi,hSi] ,[1,1]);
d2=curve2([-W 0/2,-W l/2],[hSi,H],[l,l]);
d3=curve2([-W l/2,W l/2],[H,H],[l,l]);
d4=curve2([W l/2,W 0/2],[H,hSi],[l,l]);
d5=curve2([W0/2,width/2],[hSi,hSi],[l,l]);
d6=curve2([width/2,width/2],[hSi,hSi-KtSi02],[l,l]);
d7=curve2( [width/2, W 2/2], [hSid-tSi02,hSi-)-tSi02] ,[1,1]);
d8=curve2([W 2/2,W 3/2],[hSi+tSi02,H+tSi02],[l,l]);
d9=curve2([W 3/2,-W 3/2],[H+tSi02,H-btSi02],[l,l]);
dl0=curve2([-W 3/2,-W 2/2],[H+tSiO2,hSi+tSiO2],[l,l]);
d l l=curve2( [-W2/2,-width/2], [hSi-l-tSi02,hSi+tSi02] ,[1,1]);
dl2=curve2( [-width/2,-width/2], [hSi-t-tSi02,hSi] ,[1,1]);
g6 =  geomcoerce(’solid’,dl,d2,d3,d4,d5,d6,d7,d8,d9,dl0,dll,dl2);
% Analysed geometry 
clear s
s.objs=g2,g4,g5,g6;
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s.nam e=’R l’,’R2’,’C 0 1 ’,’C 0 2 ’; 
s.tags=’g2’,’g4’,’g5’,’g6’; 
fem .draw=struct(’s’,s); 
fem.geom=geomcsg(fem) ;
% Initialize and refine mesh
fem.mesh=meshinit(fem, ...
’hauto’,5); 
fem.mesh=meshrefine(fem, ...
’mease’,0, ...
’rmethod’, ’regular’) ; 
fem.mesh=meshrefine(fem, ...
’mease’,0, ...
’boxcoord’,[-1.5*W3 1.5*W3 -h_Substrate/2-h_B0X l.l* (H +tS i02)], 
’rmethod’, ’regular’) ;
% (Default values are not included)
% Application mode 1: Define the plane stain model for stress calculation 
clear appl
appl.mode.class =  ’SmePlaneStrain’; 
appl.module =  ’SME’; 
appl.gporder =  4; 
appl.cporder =  2; 
appl.assignsuffix =  ’_smpn’; 
clear pnt
pnt.Hy =  {0,1,1}; 
pnt.Hx =  {0,1,0};
pnt.ind =  [2,1,1,1,1,1,1,1,1,1,1,1,1,3,1,1,1,1];
appl.pnt =  pnt;
clear equ
equ.Tflag =  1;
equ.Tempref =  ’TO’;
equ.Temp =  ’T l ’;
equ. alpha =  {’ alphaSi ’, ’ alphaSiO 2 ’} ; 
equ.nu =  {’nuSi’,’nuSi02’}; 
equ.E =  {’ESi’,’ESi02’};
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equ.ind =  [1,2,1,2]; 
appl. equ =  equ; 
fem.appl{l} =  appl;
% Application mode 2 
clear appl
appl.mode.class =  ’Perpendicular Waves’;
appl.module =  ’R F ’;
appl.gporder =  4;
appl.cporder =  2;
appl.assignsuffix =  ’_rfwv’;
clear prop
prop, elemdefault= ’ Lag2 ’ ; 
pr op. input var= ’ lamb da ’ ; 
prop.comps=’2’; 
appl. prop =  prop; 
clear bnd
bnd.type =  {’HO’,’cont’};
bnd.ind =  [1,1,1,2,1,2,1,2,1,1,1,2,2,2,2,1,1,1,1,1,1];
appl.bnd =  bnd;
fem.appl{2} =  appl;
fem.frame =  {’ref’};
fem. border =  1;
clear units;
units.basesystem =  ’SI’; 
fem.units =  units;
% Subdomain settings 
clear equ
equ.ind =  [1,2,3,2];
equ. dim =  {’u ’,’v ’,’p ’,’Hx’,’Hy’};
% Subdomain expressions
equ.expr =  {’N’,{’nSi’,’nS i02’,’nSi’}, ...
’Nx’,{’N’, ’N-ClSi02*sx_smpn-C2Si02* (sy_smpn+sz_smpn) ’ ,’N- 
ClSi*sx_smpn-C2Si*(sy_smpn+sz_smpn)’}, ...
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’Ny’,{’NVN-ClSi02*sy_smpn-C2Si02*(sx_smpn+sz_smpn)VN- 
C1 Si*sy_smpn-C2Si*(sx_smpn+sz_smpn)’}, ...
’Nz’,{’N VN-ClSi02*sz_smpii-C2Si02* (sx_smpn+sy_smpn) ’, ’N- 
ClSi*sz_smpn-C2Si*(sx_smpn+sy_smpn)’}}; 
fem.equ =  equ;
% Multiphysics
fem=multiphysics(fem) ;
% Extend mesh
fem.xmesh=meshextend(fem) ;
% Solve for the stress distribution in the waveguide system 
fem.sol=femstatic(fem, ...
’solcomp’,’u ’,’v ’, ...
’outcomp’,{’Hy’,’Hx’,’uVv’});
% Save current fem structure for restart purposes 
femO=fem;
% Geometry: Maxwell’s equations are solved on reduced geometry 
g7=rect2(13.2e-6,8.8e-6,’base’,’corner’,’pos’,[-6.6e-6,-hJBOX]);
% Analysed geometry 
clear s
s.objs={g2,g4,g5,g6,g7}; 
s.nam e={’R l ’,’R2’,’C 0 1 ’,’C 0 2 ’,’R3’};
S.tags={’g2’,’g4’,’g5’,’g6’,’g7’}; 
fem.draw=struct(’s’,s); 
fem.geom=geomcsg(fem) ;
% Initialize and refine mesh
fem.mesh=meshinit(fem, ...
’hauto’,5, ...
’hmaxsub’,[5,2e-7,6,le-7,7,2e-7,8,2e-7]); 
fem.mesh=meshrefine(fem, ...
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’mease’,0, ...
’boxcoord’,[-WO WO 0 H], ...
’rmethod’, ’regular’) ;
% (Default values are not included)
% Application mode 1 
clear appl
appl.mode.class =  ’SmePlaneStrain’; 
appl.module =  ’SME’; 
appl.gporder =  4; 
appl.cporder =  2; 
appl.assignsuffix =  ’^ m pn’; 
clear pnt pnt.Hy =  {0,1,1}; 
pnt.Hx =  {0,1,0};
pnt.ind =  [2,1,1,1,1,1,1,1,1,1,1,1,1,1,1.1,1.1,1,1.1,1,1,3,1,1,1.1];
appl.pnt =  pnt; 
clear equ
equ.Tflag =  {1,1,0};
equ.Tempref =  {’T0’,’T0’,0};
equ.Temp =  {’T1’,’T1’,0};
equ.alpha =  {’alphaSi’,’alphaSi02’,1.2e-5};
equ.nu =  {’nuSi’,’nuSiO2’,0.33};
equ.E =  {’ESi’,’ESiO2’,2.0ell};
equ.ind =  [1,2,1,2,2,1,2,3,2,1,2];
appl. equ =  equ;
fem.appl{l} =  appl;
% Application mode 2: Define the model for calculation of the effective mode in­
dexes
clear appl
appl.mode.class =  ’Perpendicular Waves’;
appl.module =  ’R F’;
appl.gporder =  4;
appl.cporder =  2;
appl.assignsuffix =  ’_rfwv’;
clear prop
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prop, elemdef ault= ’ Lag2 ’ ; 
pr op. input v ar= ’lambda’; 
prop.comps=’2’; 
appl. prop =  prop; 
clear bnd
bnd.type =  {’cont’,’HO’};
bnd.ind =  [1,1,1,1,1,1,1,1,1,2,2,2,1,2,1,2,1,2,1,1,1,1,1,1,1,1,2,1,2,1, ... 
2,1,2,1,1,1,1,11; 
appl. bnd =  bnd; 
clear equ
equ.usage =  {0,1,1}; 
equ.ntensor =  { l,{ ’Nx’;’Ny’;’Nz’},l}; 
equ.ntype =  {’iso’,’aniso’,’iso’}; 
equ.ind =  [1,1,1,1,2,2,2,3,1,1,1]; 
appl.equ =  equ;
appl.var =  {’lambda0’,’3.39e-6’}; 
fem.appl{2} =  appl; 
fem.frame — {’ref’}; 
fem.border — 1; 
clear units;
units.basesystem =  ’SI’; 
fem.units =  units;
% Subdomain settings 
clear equ
equ.ind =  [1,2,3,2,2,3,2,4,2,3,2]; 
equ. dim =  {’u ’,’v’,’p ’,’Hx’,’Hy’};
% Subdomain expressions: reuse the stress distribution from the current solution, 
and calculate the refractive index distribution under stress 
equ.expr =  {’N’,{’nSi’,’nS i02’,’nSi’,”}, ...
’Nx’,{’N’,’N-ClSi02*sx_smpn-C2Si02*(sy_smpn+sz_smpn)’,’N- 
ClSi**sx_smpn-C2Si*(sy_smpn+sz_smpn)’, ...
”}, . . .
’Ny’,{’N’,’N-ClSi02*sy_smpn-C2Si02*(sx_smpn+sz_smpn)’,’N- 
ClSi*sy_smpn-C2Si*(sx_smpn+sz_smpn)’, ...
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”} , . . .
’Nz’,{’N VN-ClSi02*sz_sinpn-C2Si02* (sx_smpn+sy_smpn) ’,’N- 
ClSi*sz_smpn-C2Si*(sx_snipn+sy_smpn)% ...
fem.equ =  equ;
% Multiphysics
fem=multiphysics(fem) ;
% Extend mesh
fem .xmesh=meshext end (fem) ;
% Mapping current solution to extended mesh
init =  asseminit (fem /  init % femO. sol, ’xmesh ’, femO. xmesh ) ;
% Solve problem: propagation constants of the first 6 waveguide modes 
fem.sol=femeig(fem, ...
’init’,init, ...
’solcomp’,{’Hy’,’Hx’}, ...
’outcomp’,{’Hy’,’Hx’,’u ’,’v ’}, ...
’neigs’,6,...
’shift’,0-1.409055e7*i);
% Save current fem structure for restart purposes 
femO=fem;
% Plot solution: electric field distribution (TM mode) 
postplot (fem, ...
’trida ta’,{’Ey’,’cont’,’internal’,’unit’,’V /m ’}, ...
’trim ap’,’jet(1024)’, ...
’solnum’,’end’, ...
’title’,’neff_rfwv(6) Surface: Electric field, y component [V/m]’, 
’axis’,[-1.5*W 2,1.5*W 2,-h_B0X,l.l*(H+tSi02),-l,l]);
% Finding fundamental TE and TM mode
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x=linspace(-0.1e-8,0.1e-8,3);
y=linspace(0,H,10);
pom l=0;
pom2=0;
for n= l:3 ; 
for m=l:10;
tel(m ,n)=abs(postinterp(fem ,’Ex’,[x(n);y(m)],’solnum’,6)); 
tm l(m ,n)=abs(postinterp(fem ,’Ey’,[x(n);y(m)],’solnum’,6)); 
if (tel(m ,n)> tm l(m ,n)) 
p o m l= p o m l+ l; 
end
te2(m,n)=abs(postinterp(fem,’Ex’,[x(n);y(m)],’solnum’,5)); 
tm2(m,n)=abs(postinterp(fem,’Ey’,[x(n);y(m)],’solnum’,5)); 
if (te2(m,n)>tm2(m,n)) 
pom2=pom2-l-l; 
end 
end 
end
kl=posteval(fem, ’neff_rfwv’, ’solnum’ ,6) ;
k l= k l.d ;
k l= m ax(kl);
k2=posteval(fem,’neff_rfwvVsolnum’,5) ;
k2=k2.d;
k2=max(k2) ;
if ((poml>15)&:&(pom2<15)) 
nte=kl; 
ntm=k2; 
end
if ((poml<15)&&(pom2>15)) 
nte=k2; 
ntm =kl:
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end
Total_deltaN(a2,a3)=nte-ntm; % waveguide birefringence 
Mode_te(a2,a3)=nte; % fundamental TE mode effective index 
Mode_tm(a2,a3)=ntm; % fundamental TM mode effective index 
W G_width(a2,a3)=W l; % waveguide width 
WG_etch_depth(a2,a3)=D; % waveguide etch depth 
W1=W1_0; 
end
D=D_0;
end
save file_name % results are saved into a specified file
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A ppendix B 
Processing steps for N IR  devices
SOI strip waveguides and racetrack resonators have been fabricated using standard 
CMOS fabrication techniques (DUV 248 and 193 nm projection optical lithography) 
at CEA-LETI, France. Tables B .l and B.2 list all processing steps and critical 
dimensions control for fiber grating couplers, Figs. B .l and B.2 show the SEM 
images of fabricated devices, whilst Fig. B.3 provides spin-coating parameters for 
the top polymer thickness control.
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Table B.l: Processing steps at CEA-LETI [214].
P ro cess in g  s tep s  (C E A -L E T I) C o n tro l
Entrance clean room 
Laser m ark/Alignment mark
R u n  w afer P16V 740F
M ask  1 for g ra tin g s  gds 2
Photolithography of grating 
(DUV-248 nm)
Dark field (dose 28 mJ)
CD control of grating see Table B.2
Partial etching of grating 70 nm 154 nm of Si remained
CD of etching EC see Table B.2
Resist stripping
Oxide deposition for hard mask 80 nm Mean 81 nm
M ask  2 for w aveguides gds 1
Photolithography of waveguide 
sweep dose (DUV-193 nm)
Light field (dose 20/0.5 mJ)
CD litho of waveguide see Fig. 4.14
Etch of hard mask
Resist stripping
Total etching of Si (220 nm to the BOX) no Si remaining
CD etching of waveguide see Fig. 4.14
Thickness measure of hard mask remaining 40 nm
Thermal oxidation 10 nm
Resist cladding thick 4.2 /xm resist
Dicing 4 mm between dies
Observation/ report/ ship to Surrey
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Table B.2: Critical dimension control of fiber grating coupler. Target line width 
(L315) and waveguide separation (S315) were 315 nm [214].
G ra tin g
n u m b e r
L 315/S315  [nm] 
(befo re  e tch ing )
L 315/S315  [nm] 
(a fte r  e tch ing )
1 313/315 309/323
2 308/321 307/324
3 306/322 303/327
4 307/322 304/326
5 307/321 305/325
6 307/319 305/325
7 307/322 305/325
8 307/320 305/325
m ax 313/322 309/327
m in 306/315 303/323
m ean 308/320 305/325
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X 5 . 0 0 K  6 . 0 0 ^ m
Figure B.l: SEM image of a fiber grating coupler with grating period of 630 nm 
and duty cycle of 50% [214].
Figure B.2: SEM image of a directional coupler [214],
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Figure B.3: Spin-coated thickness measurements as a function of spinning speed 
during a period of 30 seconds for polymer LFR-372 [182]. At the speed of 2000 rpm 
the polymer thickness is 2.28 / i m .
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